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Preface 
With the completion of the first phase of 
the UK's Wave Energy R and D Programme 
the Wave Energy Steering Committee felt 
that publication of a review would be use-
ful . Hence this document . It reviews the 
under-lying technology and describes the 
status of the UK programme as it stood at 
November 1 978 . The detailed results from 
this programme were given at a Conference 
held at the Heathrow Hotel. London Airport . 
on 22nd and 23rd November and the Pro-
ceedings will be published separately. 
Wave energy is at that state. so familiar 
in technological innovation , where problems 
loom larger than solutions . These problems 
stem from the nature of the resource itself : 
-it is diffuse ; 
-the movements of the sea are slow 
and irregular; 
-the waves arrive at our shore from 
directions that cover a wide angle . 
The diffuseness of the resource is 
perhaps surprising . Everyone knows how 
powerful the sea is ; the 70-90kW / m of 
wave front (as it is at Station India, a 
weathership some 400 miles West of the 
Hebrides) seem at first sight to reinforce the 
idea of its power. Actually the energy 
offered per unit area to any wave power 
device at Station India or closer inshore 
would still be 1 0 or more times less than 
the energy crossing the primary heat ex-
changer surfaces of a conventional power 
station . and the amount actually converted 
to useful power much less again . This diffu-
seness implies that large areas of device 
have to face the sea and . if a nationally 
appreciable amount of power is to be gen-
erated . over long stretches of coastline . The 
Figures in Chapter 3 illustrate how big are 
the first generation of machine designs . 
Their sheer size involves steel and concrete 
whose structural costs would amount to 
perhaps 50-60 per cent of the total costs. 
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estimated at £4000-9000 per kW in-
stalled capacity (to be compared with 
£500- 1 OOO for more conventional fossil or 
nuclear stations) . 
The second problem is the slow irregular 
movement of the sea , in complete contrast 
to the fast regular movements required of 
machinery if it is to produce electricity 
efficiently . The lesson from the results so 
far appears to be that this presents an 
especially difficult problem for wave power 
if a mechanical linkage is used at the prime 
mover stage of conversion ; this is because 
of the difficulties of engineering large me-
chanical components to take the large 
forces . and the associated problems of cor-
rosion . reliability and maintenance. Devices 
based on linking water turbines or air tur-
bines directly to the sea show more prom-
ise from these viewpoints; but these are the 
devices which suffer most from the size and 
structural cost problems discussed in the 
previous paragraph. Furthermore . machinery 
that has to be rated to accommodate seas 
at the more energetic end of the spectrum 
will spend much of its time operating well 
below its rated capacity, because the sea 
movements vary so widely from minute to 
minute. day to day and season to season . 
The third problem, that of directionality. 
arises because the devices have to be ar-
ranged in a long line . which can face only 
one direction . Hence the amount of energy 
from other directions that is available per 
metre of machine front is reduced accord-
ing to a simple cosine law. 
Putting all these problems together. the 
estimated cost of electricity from the first 
generation of wave energy machines is 
20-50 p/ kWh . compared with around 2 
p/kWh annual average from the central 
electricity generating system . 
All those engaged on the programme see 
the exposure of these harsh realities as the 
first step towards a clear indication of priori-
ties in the further work to be done . Indeed 
only a few months after the November 
conference. teams were already claiming 
significant reductions in cost arising both 
from evolutionary development in concep-
tual designs as well as from completely new 
ideas . One new idea in particular shows 
promise of significant cost reduction though 
its engineering feasibility needs to be 
proved (the Flexible Bag . pages 31 et seq.) . 
The message is that this report can pro-
vide only an interim statement on the po-
tential and prospects for wave energy. 
Much more knowledge has to be obtained 
before firm conclusions can be drawn . 
F. J. P Clarke 
Chairman. 
Wave Energy Steering Committee 
February 1 9 7 9 
Note: The subject of wave energy is moving 
rapidly . This report represents the situation 
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Part of the immense solar energy input to 
the earth 1s converted by natural processes 
into energy associated with ocean waves. 
The geographical location of the United 
Kingdom renders it one of the world ' s most 
favoured countries with respect to the 
potential availability of wave energy . In prin-
ciple. the waves reaching our coastal 
waters from the North Atlantic might satisfy 
a considerable fraction of our electricity 
demand provided that reasonably high 
overall conversion efficiencies can be 
achieved . 
Inventors have recognised the power of 
the sea for many decades. and there has 
been no lack of ideas on how it might be 
tapped . But none of the ideas was devel-
oped on a substantial scale. since ample 
and relatively cheap supplies of other re-
sources were always available . In recent 
years. however. there has been a growing 
recognition that--on a world scale-the 
presently used forms of energy may become 
too expensive . too scarce or otherwise un-
available to meet our energy needs by 
themselves . The Government's responsibility 
is to ensure that as wide a range as possi-
ble of energy supply options are available 
when they may be needed . Research and 
development can provide the necessary 
technical and econom ic data on which the 
ultimate choices can be made . 
Within this context. the Government an-
nounced in 197 6 the start of an R and D 
programme on wave energy for which the 
first phase was to be a feasibility study 
lasting for two years. The funding level has 
been increased twice since that time to 
maintain the momentum of the programme 
in the light of technical progress . 
The programme has had three main com-
ponents : 
-exploratory development of several dif-
ferent engineering concepts of wave 
energy converter; 
-supporting research in relevant engi-
neering and scientific areas : 
• the collection and analysis of wave 
data. 
• analysis of the structural response to 
wave-induced motions. 
• mooring. 
• energy conversion and transm ission. 
• environmental aspects; 
-working up preliminary reference de-
signs of full scale stations for tech ni-
cal and economic appraisal. 
The purpose of this paper is to review the 
present state of knowledge of wave energy 
in the light of the achievements of the first 
two-year phase of the programme . 
Development of the converters 
Four potential designs of converter were 
adopted for initial study. since the sparse 
data available were insufficient to enable a 
single concept to be chosen with confi-
dence . Proposals for alternative concepts 
are received on a continuing basis and are 
assessed against a number of criteria : two 
of them have so far been added to the 
programme in order to explore new prin-
ciples . 
Apart from the basic technical differences 
the six designs differ from each other in 
their degree of complexity and their state of 
development. as described in Chapter 3 . 
Work on two of the designs has been 
advanced from laboratory wave tanks to the 
testing of 1 / 1 0th scale models in natural 
open water at Loch Ness and in the Solent. 
For all the designs. a combination of theo-
retical studies . laboratory work and engi-
neering appraisal has clarified the factors 
which will prove to be the most crucial in 
determining which of them could be chosen 
for more extensive development. 
The programme has progressed from 
establishing the scientific feasibility of wave 
energy converters to confirming t he engi-
I 
neering feasibility of designing and building 
some of the designs . In very broad terms: 
-the early part of the programme 
placed considerable emphasis on op-
timising the efficiency of extraction of 
the wave energy and proving the 
scientific feasibility ; 
-the present stage is concerned with 
the technical viability and is identifying 
the main cost centres in the designs . 
which can then be tackled by further 
R and D; 
-the immediate future must also place 
emphasis not only on the problems of 
construction . operation and mainte-
nance. and on ways in which unit 
costs may be reduced . but also on the 
ability to survive in the most severe 
wave conditions . 
Whilst the technical feasibility of some 
types of converter has been established . we 
are far from the stage of recommending 
that a full scale generating station should 
be built . Of the four original concepts . no 
single design has yet emerged which is 
outstandingly better than the other designs 
when all factors are taken into account . 
The designs have changed considerably 
in the course of the feasibility study. and a 
continuing process of evol ution can be ex-
pected as in the early stages of any techni-
cal development programme. The optimum 
design may emerge from further changes in 
one of the original concepts . from a synthe-
sis of ideas or from an alternative concept . 
The wave energy is distributed over a wide 
frequency and energy bandwidth and no 
design has yet been optimised to operate at 
or near peak efficiency over the whole <,pec-
trum . However. one of the new concepts 
introduced into the programme recently 
may offer significant advantages in this re-
spect . 
Supporting research 
The extent of the available data on waves in 
the sea areas of primary interest is inade-
quate as yet for the full assessment of the 
resource . A start has been made in collect-
ing and analysing new data . which will take 
several years to reach a satisfactory level. 
The results so far confirm the general point 
that the locations around the United King-
dom with the most abundant wave energy 
lie to the west of the Outer Hebrides. where 
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several hundred km of searoom are available 
with average annual power levels in the 
range 35-60 kW / m of wavefront . 
The majority of the designs under consid-
eration are free-floating and the converters 
would operate on or near the water sur-
face--one of the most hostile environments 
for engineering structures . The ult imate fea-
sibility . technical and economic . of all de-
signs of floating converter will depend upon 
extensive further work on mooring and an-
choring . Whilst over-designed mooring sys-
tems based on present knowledge have 
allowed the open water trials to proceed 
with the objective of gaining experience . 
the existing knowledge is not adequate to 
design cost-effective mooring systems 
which will ensure survival at full scale under 
storm conditions . 
Considerable progress has been made in 
assessing and under3tanding suitable en-
ergy conversion and transmission systems 
for the various designs of converter, but 
much more remains to be done to arrive at 
the most cost-effective solutions . The gen-
eral engineering difficulties are quite basic 
and are related to the properties of the 
natural wave spectrum : 
-the conversion system must be able to 
handle large short-term variations in 
the instantaneous power level ; 
-the peak power level in the sea (of the 
order of 1 0 . OOO kW/ m) can be many 
times greater than the average power 
level (a few tens of kW/ m) ; 
-the primary output is not in a form 
which can be handled conventionally 
(it is . of course . variable with time in a 
complex way) . 
Moreover. apart from the randomness. 
other general prob lems arise from the low 
energy density of the input and the rela-
tively low speeds and frequency of move-
ment induced by the waves . Engineering 
devices to transmit large amounts of energy 
under such conditions must themselves be 
large. heavy and expensive . The efficient 
generation of electricity requires machinery 
operating at relatively high and preferably 
constant speed . The transition from the one 
regime to the other appears to be more 
straightforward for systems involving air tur-
bines than for those which do not : some 
designs of converter may prove to be 
intractable in this respect . 
Many possible forms of energy transmis-
sion to the mainland have been reviewed . 
as summarised in Chapter 6 . Whilst it has 
been recommended that several options 
should be kept open in the cont inuing stud-
ies it is likely that most attention will be 
given to electricity . The overall flow of en-
ergy from the waves to a final user con-
nected to the electricity grid involves many 
separate steps . each of which can involve 
loss of some of the energy . This can have a 
considerable influence on the system econ-
omics and further work in this area will 
need to concentrate on both reducing the 
number of steps and increasing the effici-
ency (including the directional efficiency of 
t he converters themselves) of those which 
must remain . Unless this can be achieved 
the usable resource will be only a small 
proportion of our needs : some pointers to 
substantial improvements are beginning to 
emerge . 
Environmental studies have not revealed 
any major detrimental effects of the conver-
ters provided they are well offshore . More 
information is needed on the behaviour of 
salmon and herring off the Outer Hebrides 
to confirm that the fisheries would not be 
affected significantly by the widespread in-
stallation of converters . 
Concluding remarks 
The costing studies of the reference designs 
which have been evolved so far indicate 
that wave-produced electricity is likely to be 
expensive compared with either nuclear or 
fossil fuels unless some major breakthrough 
in the engineering can be achieved . How-
ever. this does not imply that the possibility 
of wave energy should be abandoned at 
this stage . It must be emphasised that the 
subject is still at a very early state of 
development and many unknown factors 
remain to be resolved . Under these circum-
stances. wave energy is best regarded at 
present as a possible insurance tech-
nology-the consequences of failure of one 
of our existing major energy supplies are so 
severe that it is worth paying an insurance 
premium to explore fully the alternatives . 
Nevertheless. the evidence from the feasibil-
ity study so far does not allow a recommen-
dation for a ful l-scale development pro-
gramme to be made at this time . Much 
more can be achieved to explore and then 
to narrow the design choices by continuing 
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work at about the 1 / 1 0th scale coupled 
with . on the one hand . limited trials of 
some critical components at larger scale 
and . on the other hand . further creative 
engineering on the drawing board and labo-
ratory work in a new generation of wave 
tanks (of which the forerunner has been 
successfully commissioned at Edinburgh 
University) . 
The programme has generated a broad 
basis of knowledge of all aspects of wave 
energy which did not exist before. so that 
we can now identify clearly the critical 
problems to be tackled by further work . 
1 Introduction 
Wave energy ,s a derivative of the solar 
energy input to the earth . which is accumu-
lated on open water surfaces by the action 
of the winds . The world-wide wave power 
potential can be related to the distribution 
of winds : the strongest winds are located 
approximately between latitudes 40° and 
60 ° in both the northern and southern 
hemispheres. with a small number of sub-
sidiary localised areas at about 1 o·. The 
equatorial regions are comparatively free of 
wind and the polar regions are either ice 
bound or continental. The eastern sides of 
oceans in the main wind belts . being the 
downward ends of the fetches. have the 
highest concentrations of wave energy. It 
will be seen . therefore . that the UK. geo-
graphically located on the eastern side of 
the Atlantic Ocean and in the right latitude. 
is one of the world ' s most favoured coun-
tries with respect to the potential availability 
of wave energy . 
Although the existing wave data on a 
world basis are sparse the UK. being a 
maritime nation . has rather more data avail-
able than elsewhere . Although . as will be 
shown in Chapter 2 . the amount of detail is 
as yet insufficient for the final design and 
installation of wave powered generating sta-
tions. nevertheless substantial visual and 
some instrumental observations (for ex-
ample from Ocean Weather Ship ' India ' 
stationed at 59 °N. 19 · w in the North 
Atlantic . see Fig 2 . 1 3) over a number of 
years made 1t possible to arrive at a general 
figure for the amount of wave energy which 
may be available . The data suggested in the 
early 1970s that the average wave energy 
to the north-west of the UK could be about 
70 MW/ km of wave frontage . Since . in 
principle. several hundred km frontage of 
generating stations would be possible. it 
appeared that wave energy. if converted to 
electricity . could satisfy a considerable frac-
tion of our electricity demand . 
Furthermore . in the idealised situation of 
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a constant wind speed of. say, 20 knots . 
and a 50 per cent efficient extraction de-
vice. the locally generated wave energy 
beneath the winds could be extracted about 
every few tens of km . Theoretically. there-
fore . one would not be limited to a single 
line of extraction devices . but could envis-
age several relatively parallel lines extending 
at intervals well out into the ocean . The 
design of the stations more distant from the 
shoreline would almost certainly have to 
differ from those closer inshore : the possi-
bility has not been pursued as yet. The 
situation is in fact much more complex. 
depending upon the importance attached to 
the swell component of the waves (see 
Chapter 2) . but this might present an in-
creasing resource in the long-term future if 
the early development work is successful. 
) 
1.1 Historical development of the UK 
programme 
Waves are irregular in size and frequency . 
Moreover the surface of the sea is one of 
the most hostile environments for engineer-
ing structures and materials . However. 
there has been no lack of ideas on how to 
recover wave energy for useful purposes . 
Several hundred patents were granted in 
the UK over the past hundred years or so 
relating to wave powered generators. 
Government interest in the UK in wave 
energy began formally in 1 9 7 4 with the 
publication of a report entit led Energy con-
servation by the Central Policy Review 
Staff: This report started from the recogni-
tion of the vulnerability of the UK' s energy 
intensive economy to disruptions in supply 
which had been illustrated v1v1dly by the 
Middle East crisis . In reviewing the possibil-
ity of developing new contributions to elec-
tricity supply from inexhaustible supplies of 
energy, the report highlighted wave energy 
·HMSO. 1974 
and recommended that the first stage of a 
full technical and economic appraisal 
should be put in hand . A detailed introduc-
tory assessment of the large scale genera-
tion of electricity from ocean waves was 
initiated in February 1 9 7 4 at the National 
Engineering Laboratory (NEL) by the newly 
formed Department of Energy . Based on 
the results of this review the Government 
announced in April 1 9 7 6 the start of a two-
year study costing about £ 1 M . the aim of 
which was to establish the feasibility of the 
large scale extraction of power from sea 
waves and to generate information which 
would enable the cost of further develop-
ment to be estimated . 
The properties of ocean waves which are 
likely to be most relevant to the extraction 
of energy are : 
-variations in the slope and height of 
the travelling waves ; 
-subsurface pressure variations ; 
-subsurface fluid particle motion . 
The careful classification of energy ex-
traction concepts in the NEL assessment 
led to the choice of the first of these 
properties as the main basis for the Govern-
ment-funded study . Whilst this continues to 
be the case. some attention has been given 
to the possible attractions of using the 
other properties and work on two promising 
concepts is described later. 
At the start of the study the information 
available was insufficient to allow a firm 
choice of a single engineering concept to 
be made from the wide variety which was 
possible . Consequently it was decided that 
four basic designs should be investigated. 
utilising radically different concepts for the 
primary conversion of the wave energy to 
mechanical energy. It was anticipated that 
as the work proceeded it would be possible 
to narrow the choice progressively until the 
optimum system remained for final develop-
ment . Such a final choice has not yet been 
made . 
The four designs which formed the major 
part of the two-year programme are : 
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---0scillating vanes ('ducks ') invented by 
S H Salter at Edinburgh University and 
studied further there and by Sea En-
ergy Associates Ltd using effort based 
at Lanchester Polytechnic ; 
-wave contouring rafts invented by Sir 
Christopher Cockerell and studied by 
Wavepower Ltd ; 
---0scillating water columns studied at 
the National Engineering Laboratory ; 
-wave rectifiers invented by R C H 
Russell and studied at the Hydraulics 
Research Station . 
These are described in Chapter 3 . 
The engineering research on the conver-
ters has been supported by general re-
search in several problem areas common to 
all of them._ for example : 
-the collection and analysis of wave 
data ; 
-studies of the effect of wave forces on 
the structures of the devices; 
-anchoring and mooring problems ; 
-power generation and transmission to 
shore ; 
-the environmental effects . 
This work is described in Chapters 2 and 
4-8. and a list of the main contractors is 
shown in Appendix 1 . 
At the end of the first year. by April 
1 9 7 7 . the progress had been sufficiently 
encouraging for the Government to decide 
that the programme should be increased 
from a funding level of £1 M to £2 .5M . 
This would allow further work on the collec-
tion and analysis of wave data . on the 
effect of the waves on the structures of the 
converters. and further work on forms of 
transmission of the energy to shore . an 
extension of the engineering testing to the 
1 / 1 0th scale in natural waves in open 
water. and the construction of a new wave 
tank at Edinburgh University in which mixed 
sea conditions could be simulated for more 
relevant small-scale experiments . An addi-
tional £2 .9M was allocated in June 1978 
primarily in order to extend the development 
work at 1 / 1 0th scale in open water but 
also to allow some preliminary development 
and testing of vital components at a larger 
scale . The state of knowledge was not yet 
sufficient to allow development and demon-
stration of complete larger scale converters 
to proceed . or to narrow the choice with 
confidence . The optimum design may not 
be one of those on which the programme 
was based originally . but will evolve from an 
amalgam of ideas through interactions 
which are already taking place within the 
programme and from the introduction of 
completely new concepts as noted in Chap-
ter 3 . It is intended that the programme will 





1.2 Programmes in other countries 
Considerable progress has been made in 
Japan over about the same period of time . 
There the development effort has concen-
trated on the concept of an oscillating 
water column for the transfer of energy 
from the waves to air as the working fluid 
to drive a turbine . Pioneering work by 
Masuda has led to the installation in Japa-
nese waters of more than 300 generators 
in the 70-1 20 watt region of output for 
powering light-buoys and lighthouses . A 
study of large wavepower generators began 
at the Japan Marine Science and Technolo-
gy Centre in 1974. based upon Masuda 's 
ideas . After two years of basic study and 
work with small models in water tanks . a 
large scale device was developed in 1 9 7 6 . 
named Kaimei . Its maximum output was 
expected to be about 2 MW in a sea state 
characterised by a wave height of 3 metres . 
Preliminary trials up to a power level of 0 .6 
MW in the Sea of Japan took place in the 
autumn of 1 978 . These are being followed 
by more extensive trials in which the UK is 
participating through the International 
Energy Agency. 
A Working Party on Ocean Energy Sys-
tems of the International Energy Agency 
was formed in March 1 976 in order to 
bring together those member countries of 
the OECD which had a common interest in 
developing a range of ocean energy 
sources. This led to the formal signing of an 
agreement for a collaborative programme 
on wave energy in May 1 978 . the partici-
pants being Japan . USA. UK and Canada. 
joined subsequently by Eire . Some further 
details of this programme are given in 
Chapter 3 . There is also active interest in 
wave energy in Norway. 
1.3 Organisation and aims of the UK 
programme 
The organisation of the Department of En-
ergy programme is shown in Figure 1 . 1 . It 
is managed by the Energy Technology Sup-
port Unit on behalf of the Department of 
Energy. with advice from the Wave Energy 
Steering Committee (WESC) . the composi-
tion of which is shown in Appendix 2 . 
Broad guidance and advice on the recom-
mendations of the committee are provided 
by ACORD (the Advisory Council on Re-
search and Development for Fuel and 
Power) which is under the chairmanship of 
the Chief Scientist . The work of the commit-
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SUPPORTING RESEARCH CONVERTER DEVELOPMENT TEAMS 
Fig 1 . 1 The organisation of the Department of Energy R and D programme on wave 
energy 
ACORD-Advisory Council on Research and Development for Fuel and Power 
ETSU-Energy Technology Support Unit 







tee and of the converter development 
teams has been supported in the general 
research areas through a series of Technical 
Advisory Groups (TAGS) (see Appendix 3) . 
Some basic research on novel forms of 
wave energy converter is supported by the 
Science Research Council . which is repre-
sented on the Wave Energy Steering Com-
mittee . If t hey continue to show promise at 
the stage when the Council ' s support be-
comes no longer appropriate . further explo-
ration can be incorporated as part of the 
main wave power programme. 
This paper is an updated survey of the 
state of the art on wave energy technology. 
based upon the very considerable progress 
which has been made since the original NE L 
survey in 1 9 7 4 . It is essentially a progress 
report on the original two-year feasibility 
study set up by the Department of Energy . 
The main achievement of the two-ye2r 
programme has been to prog ress from es-
tablishing the theoretical feasibility of wave 
power. by very small scale experimental 
work in laboratory wave tanks. to a first 
examination of the engineering feasibility 
and cost including experience of larger 
scale models in a scaled but real sea envi-
ronment . In general terms . the aims of the 
original £ 1 M prog ramme have been met . 
but there is sti ll much to be achieved before 
wave energy could become an engineering 
reality . 
Although the main elements of the pro-
gramme have been towards the possibility 
of developing a significant contribution to 
our electricity supply from wave energy. this 
is not the only way in which wave energy 
could be used . It is possible in principle. for 
instance . that the output could be used 
locally to produce essential. energy inten-
sive materia ls such as fertilisers . These pos-
sibilities are being kept under review. What-
ever output is finally decided on it is quite 
evident that . large though the basic re-
source may be . wave power will not be won 
easily . The work so far has highlighted a 
need to push many aspects of engineering 
beyond the existing state of knowledge into 
novel operating regimes . 
Within the context of the overall st rategy 
outlined in the 197 8 Green Paper on En-
ergy Policy· the renewable sources of en-
ergy. of which wave energy is one. can be 
• Energy policy: a consultative documen t. 
HMSO. 1978 . Cmnd . 7101 
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regarded as potential supplements to our 
energy supplies or as insurances against 
possible physical shortages of energy in the 
long-term future (for instance possible ma-
jor shortfalls in the contributions from nu-
clear power or coal in the early years of the 
next century) . 
The concept of wave energy as a supp le-
mentary supply. fo r instance of electricity. 
implies that it could be foreseen as becom-
ing competitive with other sources of elec-
tricity . As will be seen later in the paper. 
the predictions so far on the cost of wave-
produced electricity are tending to confirm 
the original views expressed in the CPRS 
paper in 1 9 7 4 that it is likely .to be consid-
erably more expensive than nuclear power. 
Whilst an important aim of a continuing 
research and development programme must 
be to reduce the predicted costs. wave 
energy is better regarded as an insurance 
technology. 
\ 
2 Wave data 
A basic knowledge of the properties of 
waves and of the sources of wave data is 
so fundamental to an appreciation of all 
aspects of wave energy converters that it is 
essential for the first of the technical chap-
ters of this report to deal with this subject . 
The development of the required data and 
the formulation and prosecution of a rele-
vant research programme are the responsi-
bility of Technical Advisory Group 2 (TAG 2) 
of the Wave Energy Steering Committee 
(see Appendix 3) . After a brief description 
of the appropriate aspects of wave physics. 
this chapter will outline the work which is 
being supported through TAG 2. 
2.1 Wave physics 
Waves are disturbances in the water sur-
face . We are interested primarily in progres-
sive waves . which carry energy from one 
place to another. rather than standing 
waves which form when waves are reflected 
from objects . The larger waves carry most 
energy . 
In order to consider the relevant proper-
ties . it is useful to start from an ideal wave 
in deep water. The wave is assumed to be 
sinusoidal. small amplitude. monochromatic 
and to have straight wave-fronts (Figure 
2 . 1). The wave speed (or phase speed) is 
L 





(2 . 1) 
It is possible to obtain some useful rela-
tionships from a mathematical consideration 
of the general properties of fluids . For in-
stance : 
g 
C2 = -tanh Kh (2 .2) 
K 
where K is the wave number 271/L. h is the 
water depth and g is the gravitational accel-
eration (9.81 m / s2) . 






This is an important property of deep water 
waves-the speed is proportional to the 
square root of the wavelength. Thus the 
longest waves from a distant storm reach 
the shore. or a converter. first . The speed 
of a group of waves . on the other hand. is 
half the phase speed . Waves start at the 
back of the group and die out at the front . 
Knowledge of the speed is vital for wave 
forecasting . 
Combining equation 2 . 3 with equation 










Thus . for these ideal waves the speed in 
metres per second is 1 . 6 times the period 
in seconds and the wavelength in metres is 
1 . 6 times the square of the period in 
seconds. It must be stressed that this only 
approximates the behaviour of real waves . 
To make the situation more realistic . one 
can consider next the effect of shallow 
water. If the depth is small . Kh is small and 










Thus the speed is now proportional to the 
square root of the depth . Waves can be 
focussed or bent by the process of refrac-
tion if the depth is changed. A common 
example is the fact that waves near a 
beach are almost always parallel to it (see 
Fig 2 .2) . The part of the wavefront in deep 
water moves faster than that in shallow 
water and the wavefront swings round. 
Waves can also be focussed by undersea 
hills and sand banks . It has been suggested 
that artificia l undersea plates could focus 
waves on to wave energy converters or 
collectors . with the idea of using fewer. 
larger installations. This suggestion may not 
have much relevance to the UK wave en-
ergy programme because of the large tidal 
range around the coasts and the absence 
of suitable estuaries to focus the waves 
into . In addition . non-linearities may reduce 
the efficiency of the process . The possibility 
is. however. being kept under review. 
What is meant by the expressions · deep ' 
and 'shallow '? It is usually accepted that 
deep water is where the depth is greater 
than half a wavelength . Shallow water 
starts where the depth is less than about 
1 / 20 of the wavelength. In between there 
could be up to about 20 per cent. error in 
the use of the equations 2 . 3 to 2 . 6 . 
The waves considered so far have had 
relatively small heights compared with their 
wavelengths . Steep waves are not sinusoi-








Fig 2 . 3 Trochoida/ wave 
choid (Fig 2 .3) . Whilst they are not com-
mon in real seas. they are important be-
cause they are closer than small waves to 
the breaking phenomenon . 
Such waves have a maximum steepness 
(H / L) of 1 / 7 . The steepest angle f3 at the 
crest is 1 20 °. beyond which the waves 
start to break . The steepness in deep water 
is determined largely by the energy input to 
the sea-high winds raise steep waves 
which become shallower with time . Large 
breaking waves have . in the past . caused 
considerable damage to ships at sea . The 
forces on structures due to breaking waves 
are being examined in the wave energy 
programme: means of minimising them at 
the converter design stage include the de-
velopment of converters which operate be-
low the surface or which will submerge in 
heavy seas. 
Energy in a wave 
The theoretical derivation of the energy in a 
wave is a complex matter. The following 
simplified treatment produces some useful 
relationships. 
In the idealised wave represented in Fig 
2 . 1. the mass of water in the upper half of 
the wave is 
xpLH 
where p is the density of water. The height 
of the centre of gravity is 7TH / 1 6 above the 
mean level and so the change in potential 
energy when a crest 'falls into · a trough is 
xpLH 27TH gpLH 2x 
g . 
277' 16 16 
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This energy is required to deform the water 
surface . Kinetic energy also is present be-
cause of the wave motion . and in deep 
water the kinetic energy is equal to the 
potential energy. Thus the total energy per 
metre of wave front is 
gpLH 2 
8 
and the power (rate of transfer of energy) is 
gpLH 2 
16 T 
since the wave energy travels at the group 
velocity Combining this with equation 2 . 4 
gives power as a function of wave height 
and wave length 
p = ~. /( g3 ~) per metre 
1 6v 277' 




P= per metre (2.8) 
32 7T 
Energy distribution in a wave 
Although a wave travels with a constant 
speed the water in it does not move at the 
same speed . or even in the same way as 
the wave front . In fact t he motion of a 
water particle is roughly circular in deep 
water and this is why a light object is not 
pushed along appreciably by small waves. 
Another important point is that the amount 
of water movement decreases rapidly with 
depth and the energy content falls off rapid-
ly as a consequence . The water particles 
move in circles whose radii are proportional 
to 
e - ,,,.,1, 
as shown in Fig 2 .4(a). For example . at a 
depth of half a wavelength the radius is 
----
reduced to 1 / 2 3 of the radius at the 
surface . 
The fraction f of the wave energy existing 
between the surface and a depth d is 
f = 1 - e - ••dt l (2 .9) 
so that . for instance . over 95 per cent is 








Fig 2 .4 Particle motion 
(a) in an ideal deep-water wave 
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Fig 2 .5 Typical wave record 
The pressure fluctuations in deep water 
due to a wave passing over obey a similar 
exponential law to the particle motion . and 
at a depth of half a wavelength the fluctua-
tions are 1/ 23 of the pressure fluctuations 
near the surface . In very shallow water the 
fluctuations do not decay with depth. and 
the particle motions become elliptical as 
shown in Fig 2 .4(b) 
Despite these relationships . it may be 
possible in principle for converters to ex-
tract significant energy at depths well below 
the surface . and a relevant design which is 
being studied is noted in Chapter 3 . 
Wave momentum 
Converters which extract energy from a 
wave also destroy momentum . and this 
gives rise to a force on the body of the 
converter. If F is the average force per unit 
length on a body when absorbing all the 
energy in a wave. then the force exerted 
when the body reflects all the energy is 2 F. 
and the force when it transmits all the 
energy is zero . Wave energy devices are 
usually neither perfect absorbers nor perfect 
reflectors . and there is a net mooring force . 
12 





For example . a 3 m wave would. if perfectly 
absorbed . exert an average force of 5 . 6 
tonnes / m of wavefront on the body absorb-
ing it . 
However. waves can also exert other 
forces than those due to the destruction of 
momentum . The force due to a head of 
water produced by a wave can be large and 
that produced by a breaking wave can be 
very large . The mooring forces on wave 
energy converters are likely to be many 
times larger than those experienced by 
ships. Ships moored in a storm turn into 
the prevailing wind (and wave) direction so 
that the area exposed to the waves is as 
small as possible . In addition . ships are 
designed to absorb as little wave energy as 
possible. The subject is treated in more 
detail in Chapter 5 . 
Real waves 
The waves described above are idealised 
models of those which exist in the sea . 
Real waves are a mixture of heights . peri-
ods. wavelengths and direction and the 
proper analytical use of wave data requires 
a statistical approach . The usual form that 
wave data take is a record of the height of 
the water surface as a function of time at a 
fixed position in space . Fig 2 .5 shows a 
typical record . From this the height and 
period can be obtained as follows . 
If y, is the water level at instant i relative 
to the mean water level then the root mean 
square elevation 
(2 . 11) 
where the average is over n samples of the 
water height. subject to the proviso that the 
samples are closer in time than half the 
highest period present in the record . 
A traditional definition closer to the intu-
itive idea of wave height is that for the 
'significant height '. This is the average 
height of the highest one-third of the 
waves. Similarly , the 'significant period ' is 
the average period of these particular 
waves. (The ·one-third ' referred to is the 
third of the total number. not one-third of 
the height .) 
H ½ and T -r defined in this way are. how-
ever. unsatisfactory in practice . Not only are 
they inconvenient to measure by modern 
methods . but the definition of · a wave· 
causes confusion . and they cannot be re-
lated exactly to any other wave parameters 
in a real sea . Thus. most workers now use 
a significant wave height parameter H, 
defined by 
H,= 4a 
and a wave period T, called the 'zero-
crossing period' and defined by 
T, = n,/0 
(2.12) 
(2 .13) 
where n is the number of times the water 
surface ~oves through its mean level in an 
upwards direction in a record of duration D 
seconds . 
When there is only a narrow range of 
frequencies present. H, = H,13 and T, = T,13 • 
but this is only approximately true for a real 
sea . 
The power (in kW per metre of wave 
front) then approximates to 
P:::::0 .55 H2, T, (2 .14) 

















Fig 2 . 6 Spectrum derived from the 
record of Fig . 2 . 5 
Whilst this can be a useful rule of thumb . 
calculating the wave energy from H, and T, 
is not a very accurate procedure because 
the sea frequently contains waves of quite 
different heights and periods which obvi-
ously cannot be represented accurately by 
one pair of parameters. A record of water 
level versus time can be turned by the 
process of Fourier transformation into a 
spectrum . as in Fig 2 .6. where they coor-
dinate is a measure of energy density and 
the x coordinate is frequency. This shows 
that most of the waves have frequencies f 
of -0 .1 Hz. which corresponds to periods 
of -1 0 seconds . 
Theoretical spectra can be calculated and 
compared with real spectra . The Pierson-
Moskowitz spectrum is widely used . and is 
applicable to a fully developed sea. that is. 
one where the wind has been blowing in a 
constant direction for a long enough time 
for the waves to have stopped growing . Fig 
2. 7 shows the shape . 
With this spectral form it is possible to 
derive a model wave climate from the wind 
speed. and the analytic form of the spec-
trum is useful for predicting the perfor-
mance of converters in more realistic seas . 
The shape of the spectrum is defined by 
the function 
S(f) = 5( 1 0 - •f- 5e -<• 211'w'1) m2 / Hz 
(2 .15) 
where W is the wind speed in m/s. 
There are many other statistical proper-
ties of waves which are useful. If the n'" 
spectral moment Mn is defined as 
Mn = J fnS(f)df (2.16) 
N 
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Fig 2 . 8 Scatter diagram from South Uist 
0 ·4 during the year 1976-77 
Fig 2 . 7 Pierson-Moskowitz spectrum for 
a wind speed of 10 m/ s 
the significant wave height 
H, = 4vMO 
and 
(]= vMO 
the mean zero crossing period 
T, = y(M0 / M 2) 




and for most seas 
T.:::::1 . 12 T, 
(2 .17) 




The significance of the spectral moments is 
that they can read ily be calculated by com-
puter using digitised wave data . 
Wave data may be presented usefully in 
other forms . Fig 2 . 8 shows a scatter dia-
gram for data from South Uist . The num-
bers on the graph represent the fractional 
occurrence of each significant wave height 
and period throughout the winter months 
(December-February) . The contours are 
lines of constant power level . and from the 
number of occurrences above and below a 
given power exceedance diagrams like 
those of Fig 2 .9 can be drawn . 
Although the spectra described above are 
much better approximations than the as-
sumption that sea waves are monochroma-
tic. even they do not describe the sea state 
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Fig 2. g Fraction of time that the power 
in the sea exceeds a given level at OWS 












Fig 2 . 1 0 Double peaked spectrum from 
data collected off South Uist 
accurately in many cases . Natural spectra 
with two peaks are found frequently (Fig 
2.10) . 
Both ·sea · and ·swe11 · can be present at 
the same time . ·sea· is generated by local 
winds blowing over fetches up to . say. 1 00 
km and is characterised by relatively short 
wavelengths. over a large range of frequen-
cies and directions . ·swe 11 · . on the other 
hand . is generated by more distant storms. 
where the waves have had a reasonable 
length of time to develop . Much of it can 
lie outside the idealised Pierson-Moskowitz 
spectrum . Its importance lies in the fact 
that it can carry a substantial fraction of the 
wave energy at a given point and may arrive 
from directions different from that of the 
sea. 
Directional properties of waves 
It is unfortunate for the development of 
wave energy converters that at the present 
time instrumental measurements of wave 
direction are scarce . Most of the studies so 
far use parametric formulae developed by 
Mitsuyasu . where a ·spreading function · is 
applied to a one dimensional spectrum of 
the type discussed above . The spreading 
fun ction distributes the energy at each fre-
quency over a range of directions. and a 
typical function is 
f(0) = cos' ( ½(B - B0)) (2 22) 
where 
s = 1 5 .85 ( ~r for f~fo 
( 
f ) 2 5 
=15 .85 ~ forf>f0 
where B0 and f0 are the principa l wave 
direction and the spectral peak frequency . 
This relationship assumes a single peak 
spectrum . A useful way of visualising direc-
tional spectra with an arbitrary number of 
peaks is a diagram of "k-space ·. as follows : 




are drawn at angles corresponding to the 
wave directions. where L is the wavelength 
of that corresponding wave . 
Thus the spectrum with two narrow 
peaks from Fig 2 . 1 0 corresponds to Fig 
2 . 1 1 . where the waves come from direc-
tions BA and B0 . A picture of the crests of 
the waves would appear as in Fig 2 .1 2 . 
In rea lity . the spectral peaks will be broad 
and will correspond to a range of wave 
directions, so that points P and Q (Fig 
2 . 1 1) will be spread into fuzzy areas . 
Figure 2 . 1 2 shows that there is a maxi-
mum distance D between two wave crests 
in a ·mixed · sea . If the directions of the 
waves are more nearly the same this ·1ong-
crested ' distance gets longer. and this has 
15 
Q 
Fig 2 . 1 1 'K-space ' diagram for the spec-
trum of Fig 2 . 10 (assuming directions for 
the two principal waves) 
Fig 2 . 1 2 Wave crests corresponding to 
the wave vectors of Fig 2. 11 
a significant bearing on the design of some 
converters . For example, strings of ducks may 
use a ·spine · to provide a reference for each 
duck motion to react against . This works 
only if the duck stri ng passes through both 
crests and troughs. so the net spine motion 
is small. Another problem arises in the 
extreme case of a spine with its ends on 
crests and its centre over a trough-there 
will then be a significant bending moment 
on the spine . Research into the measure-
ment and prediction of long-crested waves 
is an important part of the programme. 
2.2 Wave data 
Most of the historical accumulation of data 
on waves at sea is based on simple visual 
observation . The height observed is close to 
H,, although perhaps about 20 per cent 
low. and the period corresponds roughly to 
T A useful feature of visual observations is 
tt'i"at the principal wave direction is usually 
given . Several million visual wave observa-
tions have been recorded . 
Shipborne wave recorders are mounted on 
lightships and weather ships . They provide 
a record of wave height as a function of 
time . from which H, and T, may be mea-
sured . Although the data are of high quality 
and obtained over a long period of time 
there are only a few such recorders operat-
ing . Many of the data used in the early 
stages of the wave energy programme had 
been collected previously at OWS India . 
situated _at 59 °N latitude . 19 °W longitude . 
Wavender buoys use electronic inte-
grators to convert buoy acceleration into 
displacement. so that a waveheight / time 
record 1s obtained . A 27 MHz transmitter 
sends data back to shore and 20 minutes 
of data are recorded every few hours . The 
l1m1ted range of the transmitter and the 
large amount of interference at this fre-




~;o~r~~meWave-data collecting stations of particular relevance to the wave energy 
( ) denotes no longer operating 
0 denotes new buoys for which data are not yet available 
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than about 30 km offshore. but the data 
obtained from them is very valuable . 
Directional measurements can be made 
with a buoy equipped with several sensors 
to respond to the different components of 
acceleration . All the methods so far de-
scribed only give the state of the sea at a 
particular location . however. Information 
about waves over a large area is very 
scarce . Some airborne photographic and 
radar observahons have been made. but the 
observations were intended to test the tech-
niques rather than provide a regular data 
col lection service . 
The detailed data. necessary both to as-
sess the resource accurately and to design 
converters. have been collected so far from 
a relatively small number of sites as shown 
on Fig 2 . 1 3 . Wave data are required for 
many purp·oses and at the start of the wave 
energy programme reliance had to be 
placed entirely on installations which were 
not ideal for its purpose . Apart from OWS 
India . data from a buoy off South Uist have 
become of particular importance to the 
wave energy programme. 
Wave data programme 
Examination has shown that the extent of 
the available wave data is inadequate for 
detailed wave energy studies . A substantial 
amount of work has been done with the 
data from OWS India : although power 
levels are high there. sites nearer the shore 
are preferred for wave energy converters . A 
preliminary inspection of the data from 
South Uist shows a lower power level based 
on two years observation . but it is not 
known how localised this may be . Obvi-
ously. more extensive data must be col-
lected from sites closer inshore than OWS 
India in order to establish the overall size of 
the resource . 
Work in progress in mid-1978 included 
the following : 
-analysis of data from South Uist . 
Fitzroy. Boyle and St Gowan to pro-
duce one dimensional spectra ; 
-synthesis of directional spectra from 
South Uist and St Gowan data; 
-installation of the Scilly Isles buoy . 
and overflights using a radar altimeter 
to check the accuracy of synthesised 
directional spectra . 
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Plans are being made also for work on: 
- installation of new buoys in locations 
determined by the specific needs of 
the wave energy programme; 
-making wave predictions and testing 
them against observations ; 
-investigations of directional wave 
probes ; 
-breaking wave analysis and prediction ; 
--crest length measurements; 
-investigation of the usefulness of satel-
lite radar data . 
Wave data and the design of converters 
The design of a converter is affected 
strongly by the wavelengths experienced in 
the sea and their relative frequencies of 
occurrence . The efficiency of a converter is 
usually a strong function of the size of the 
converter relative to a 'typical· wavelength . 
Converters with a broad efficiency peak can 
usually capture more energy from the sea 
than those which have a sharp efficiency 
peak . Figure 2 . 1 4 shows the power spec-
trum from OWS India compared with pre-
dicted efficiency curves for a particular de-
sign of duck converter of 6 . 1 0 and 1 6 m 
diameter. 
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Fig 2. 1 4 Distribution of power by fre-
quency for the whole year (middle histo-
gram), winter (top) and summer (bottom); 
together with predicted efficiency curves 
for a particular design of duck converter of 
6, 10 and 16 m diameter (dashed lines 
indicate extrapolation outside experimental 
range) 
Although the 6 m duck captures much 
less power per metre over the whole year 
than the 1 6 m duck . a very rough calcula-
tion shows that it might require 
(6 / 16)2:::::1 / 7 the volume of material to 
construct and therefore be cheaper. Thus 
data on the wavelength or frequency range 
to be experienced by a converter are vital 
for the cost optimisation of the design . 
Many designs of converter work by resonant 
absorption . which implies that response to 
order of a raft width can be left between 
rafts in a chain whilst still absorbing energy 
from the gap . This could have important 
implications for the economics . 
An important area of wave physics with 
considerable implications for the design of 
converters is the question of vertical trans-
port of energy. A subsurface or bottom-
mounted converter might in principle ex-
tract a large fraction of the energy in a 
wave , implying that energy extracted at one 
depth is ·replenished ' by energy travelling 
vertically from another depth . Very little 
engineering research has been done on this 
problem . largely because existing marine 
structures are not designed to absorb en-
ergy at selected depths . It is possible also 
that the physical theory may break down 
when applied to the real sea . 
a particular range of wave periods is impor-
tant . In this case the mass . stiffness and 
damping must be adjusted to maximise the 
capture of energy. Because the sea con-
tains a complex mixture of wave periods. 
the designer attempts to broaden the reso-
nating peak in order to collect more energy. 
Although individual swell waves can carry 
very large amounts of energy, it does not 
appear practicable to match the converters 
to their appropriate frequency range-the 
economic penalty is too great . 
There have been several proposals for 
designs which depend on sub-surface pres-
sure variations . As equation 2 . g shows. in 
deep water the pressure fluctuations are 
very small even a short distance below the 
surface . Such converters have to work in 
relatively shallow water where the pressure 
fluctuations are transmitted downwards 
without a great deal of attenuation . There 
are fewer such sites . and the energy there 
is lower. 
Information on the direction of the waves 
is necessary for orientating the converters . 
Most linear designs extract energy most 
efficiently from waves parallel to their long 
dimension . and the spread of directions. in 
conjunction with the efficiency curves and 
the spread of wavelengths. will govern how 
much energy is lost from this effect. In 
some cases the nature of the available sites 
will govern the orientation of the converters 
and research is needed on directional spec-
tra for these sites . The concept of 'point 
absorbers '--converters small compared 
with a wave-length-which can accept en-
ergy from a wide range of directions-is 
important here . Research programmes on 
the characteristics of point absorbers are 
being carried out in collaboration with the 
Central Electricity Generating Board (CEGB) 
and University departments . One result of 
this research might be to determine 
whether linear devices need to be 'fully 
filled ' or whether, for example. a gap of the 
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Wave height is important in the design of 
converters for two reasons . The first is that 
the power output is proportional to the 
square of the wave height. so that accurate 
data on wave heights are required to calcu-
late power levels and forces in mechanical 
components . The second is a more subtle 
effect . and is due to non-linearity. Water 
waves. unlike for example radio waves. are 
not linear. Two wave groups that pass 
through each other will not continue undis-
turbed afterwards unless their amplitudes 
were very small to begin with . This effect is 
very difficult to treat theoretically , and accu-
rate representations of real seas in wave 
tanks are needed to test model converters . 
Waves become non-linear when their steep-
ness exceeds about 1/ 25 . Although such 
steep waves are not common in the sea . 
they might occur. for example . because of 
reflections from the face of a wave energy 
device. One result of tests so far carried out 
is that some designs perform better in large 
waves than expected , but others perform 
worse . 
The incidence of breaking waves in the 
open seas is said to be low from visual 
observations. but data buoys record high , 
steep waves much more frequently than 
would be expected . The fact that even large 
ships can be damaged seriously by breaking 
waves implies that wave energy converters 
will have to be designed with large factors 
of safety. Research on breaking waves is 
included in the wave energy research pro-
gramme. One way of reducing the problem 
might be to use submerged converters . 
where the conditions are less extreme. but 
as noted above this may simply imply ex-
changing one set of problems for a different 
set . 
Wave data and resource assessment . 
Assessment of the energy available is a vital 
part of the research programme . How_ever, 
existing measurements of the wave climate 
around the United Kingdom are not yet . 
detailed enough to provide more than a first 
guess at the size of the resource . Due to 
the random and seasonal nature of winds 
and waves. measurements have to be taken 
over many years to produce an accurate 
base for prediction . Progress in resource 
assessment has been as follows : 
-It was recognised early in the pro-
gramme that the west _coast of the 
British Isles received higher energy 
waves than the east . particularly in 
Scotland , where high wave energy 
densities occur reasonably close to 
shore . 
'bi locations for wave energy devices. An estimate of the energy Fig 2 .1 5 Some poss1 e ,-




-Preliminary studies of wave and wind 
records indicated possible annual aver-
age _power levels of about 70 kW / m 
w1th1n a reasonable distance of the 
Outer Hebrides . 
-To check power levels closer to shore. 
a waverider buoy was installed 1 1 
miles southwest of Benbecu la . off 
South Uist. early in 1976 . 
-Data from the first two years of opera-
tion have been analysed recently. 
and indicate power levels of about 
50 kW / m passing from various direc-
tions over a circle of 1 m diameter 
which corresponds to about 35 kW/ m 
length of coastline . However. extrapo-
lation of this figure to the whole of the 
Hebrides area must be regarded with 
some ca ution . 
-Data from weatherships are being ana-
lysed . 
Results so far confirm that the best loca-
tions for wave energy converters are off the 
Hebrides where several hundred kilometres 
of sea room are available at power levels of 
between 30-60 kW / m annual average . 
Other possible sites are off the south-
western peninsula . and off the northwest 
coast of Scotland . Figure 2. 1 5 shows these 
sites . with an indication of the amount of 
energy which may be potentially available 





3 Engineering development of 
converters 
The analysis by the National Engineering 
Laboratory of a wide variety of engineering 
concepts of wave energy converter. which 
preceded the setting up of the two-year 
feasibi lity study as noted in Chapter 1 . was 
hampered by a general lack of data . A firm 
choice of the best concept could not be 
made . Four concepts were adopted for the 
main thrust of the programme. therefore . 
each to be investigated by a separate team 
(the Device Teams). 
There are many ways of classifying con-
verter designs for analytical and compara-
tive purposes . of which the following basic 
sub-division by the mode of operation is 




There is one example of a rectifier in the 
programme: the design under investigation 
at the Hydraulics Research Station . Wave 
energy is converted into the potential en-
ergy of a large mass of water in a reservoir. 
Since it is fixed to the seabed. the conver-
ter has to resist the total momentum of the 
oncoming waves. which inevitably leads to 
a relatively massive construction per unit of 
energy output . On the other hand . the 
seabed mounting eliminates all the mooring 
problems which can be serious in some of 
the free-floating designs . 
The other three major designs which 
have been investigated can all be classed 
as tuned oscillators . though they aim to 
solve the engineering problems in very dif-
ferent ways . They operate by providing a 
' tuned' working component which is ex-
cited by a chosen part of the wave spec-
trum and damped by a power take-off sys-
tem . The worki ng component has to pre-
sent an extensive working surface to the 
incident sea . for instance a width up to 
50 m for an individual raft . 
Investigations have been made of a the-
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ory that a tuned oscillator could extract 
energy from many times its own width. but 
it does not appear possible to develop a 
practical system of this type : non-linear 
behaviour invalidates the theory for all but 
the smallest wave amplitudes and the 
bandwidth for energy absorption is too nar-
row. 
The body. or reference frame. against 
which the working component of a tuned 
oscillator has to react must be relatively 
unmoving . Either this is accomplished by 
providing a heavy mass or. in the duck. by 
a spine which is effective by balancing 
forces over a wavelength or more . The 
mass approach leads by definition to heavy 
structures : the spine may in some circum-
stances be significantly more economic in 
the use of materials but has inherently more 
difficult structural problems . 
An example of an untuned damper which 
has recently been introduced to the pro-
gramme will be described in the section on 
alternative concepts . Like the oscillators . 
there is a need for a large working surface 
and a 'fixed ' frame of reference . though in 
this case it is possible that the frame can 
be considerably lighter. 
In general. the development of wave en-
ergy converters will involve the design and 
construction of massive engineering struc-
tures . The large size is really inherent in the 
nature of the resource : whilst there is po-
tentially a large amount of energy available 
it is in a relat ively dispersed. or dilute form 
compared with. say, coal or oil in which 
natural processes have concentrated the 
energy content over thousands of years . 
Whilst there is no prospect in sight of the 
development of a very small ingenious de-
vice which will do the same job as the 
current conceptual designs of large conver-
ters. it is by no means certain that the 
minimum in specific size and cost per unit 
output has yet been realised: the fact that 
this is so provides one of the underlying 
objectives for an ongoing development pro-
gramme. 
In April 1 g 7 7 the Wave Energy Steering 
Committee recognised that expert advice on 
the problems of large scale engineering 
design and production was desirable even 
in the early. formative stages of the devel-
opment-both to the Committee itself and 
to the individual Device Teams . Rendel. 
Palmer & Tritton . in association with Ken-
nedy & Donkin . were appointed as Consult-
ing Engineers and submitted a preliminary 
report in August 1g77 . The introduction of 
the consulting engineers was of great 
benefit to the programme in evolving refer-
ence designs of each converter and in 
assessing their engineering and cost . 
A general point made in the 1g77 report 
was that at that stage the testing of models 
and the theoretical understanding of wave 
energy converters were ahead of design 
development . The predicted costs of the 
1g77 reference designs were high but . in 
view of the very early stage of the whole 
project. not too high to discourage continu-
ation of the work . The main civil engineer-
ing structure of the converters was iden-
tified as the key cost centre and four 
specific ways of reducing the overall costs 
were highlighted : 
-reorganisation of the basic design lay-
outs on a more cost effective basis ; 
-more accurate stressing and propor-
tioning of the designs; 
-some radical changes of components 
within the design formats ; 
-a more searching approach to the 
costing of components when de3igns 
are firmed up . 
In general . it was recommended that the 
continuing effort would be better directed 
towards reducing the converter costs than 
in seeking marginal improvements in overall 
efficiency. 
The Device Teams have begun to tackle 
these matters during the past year . How-
ever. progress throughout the programme is 
an iterative process and the criteria for 
optimising the converter designs are still 
somewhat speculative . As designs evolve so 
the goals set for them may change in line 
with what may be achievable . In particular. 
the value placed on the product-for in-
stance electricity-may change with the 
predicted firmness (reliability) Cost targets 
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will depend upon the role envisaged for 
wave-produced electricity . for instance 
whether it is seen as a supplementary or 
insurance source of power. as noted in 
Chapter 1 . The size and even the type of 
converter will depend upon the goals which 
are set . 
The following sections of this chapter 
provide a brief description of the engineer-
ing development so far. An important point 
is that no one of the original four designs 
has yet emerged as outstandingly better 
than the others when all factors (including 
cost) are taken into account . However. 
there is now a much more highly developed 
sense of realism in all the designs and a 
very much deeper appreciation of the engi-
neering problems which still have to be 
overcome if wave energy is to become a 
reliable source of power. The designs have 
undergone considerable change during the 
course of the programme . A further phase 
is necessary to determine whether cost-
effective solutions can be evolved to the 
critical problems which have now been 
highlighted (and which differ for each de-
sign) . Those designs for which no credible 
solution can be evolved will . of course . be 
eliminated from the programme. The opti-
mum design may yet evolve from one of the 
original concepts but may also be a synthe-
sis between them through a dynamic inter-
action of ideas. or develop from one of the 
new alternatives . 
3 . 1 Four ma in converter designs 
Rectifier 
As will be noted in more detail in Chapter 
6 . the Rectifier offers the possibility of a 
straightforward solution to the prob lems of 
primary power take-off. a water turbine of 
near-conventional design . and is conse-
quently relatively simple to envisage . It is . 
therefore . conveniently described first . and 
is illustrated in Fig 3 . 1 . 
A single converter is a large. rectangular. 
hollow caisson with a system of internal 
reservoirs and an integral module contain-
ing the power plant . The vertical seaward 
face is provided throughout with an array of 
panels of one-way flap valves. their hinges 
aligned vertically. and arranged alternately 
to allow water to flow in or out . 
The converter is divided internally into 
two reservoirs by a slab which extends 
Fig 3 .1 Artist's impression of one form of the Rectifier 
Fig 3 .2 Artist 's impression of one form of the Oscillating Water Column Converter 
horizontally for the full length . The reservoir 
above the slab has a free water surface 
open to the sky . The outlet reservoir below 
the slab is provided with a free surface by 
chambers which project upwards at inter-
vals through the dividing slab and which 
have a vented roof level with the top of the 
outer walls of the converter . Two large low-
head Kaplan turbines are placed in the flow 
path between the reservoirs . The genera-
tors , driven directly through vertical shafts , 
are in a machine house above the turbines . 
A head difference is maintained between 
the water in the reservoirs by inlet flap 
valves to the upper reservoir collecting 
water during impinging wave crests and 
outlet flap valves to the lower reservoir 
discharging water during wave troughs . 
Flow between the reservoirs drives the tur-
bines . 
The caissons would be constructed in 
special yards and then floated into position 
and sunk on to the seabed . which would 
have to be specially prepared beforehand . A 
line of caissons resting on the seabed in 
approximately 1 5 m depth of water would 
be aligned parallel to the general shore line . 
The caissons would project above the water 
level by some 5 m and be sited between 
1 - 5 km from the shore depending on the 
gradient of the seabed . Discrete lines of 
converters would be separated by gaps of 
the order of 1 -2 km , depending on con-
tours and the requirements of navigation . 
If the width of a converter presented to 
the oncoming waves is 1 00 m, the peak 
generating plant capacity would be 3 MW 
on the current reference design . Whilst the 
structure would be a fairly conventional 
caisson . capable of construction without 
significant new technical problems , the 
large size would restrict the number of sites 
suitable for construction . As an indication 
of the size , the standard caisson currently 
envisaged would contain some 56.000 
tonnes of concrete . 
Progress and outstanding problems. The 
experimental testing programme has been 
running at the Hydraulics Research Station 
for about 1 8 months and has been based 
upon 1 / 30 scale models in monochromatic 
waves . The concept is basically simple but, 
as with the other concepts , there are still 
considerable unsubstantiated features in the 
reference design . 
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The concept allows a wide freedom in 
the organisation of the system of valves. 
reservoirs and structures . Several signifi-
cantly different options are available for the 
basic layout and the problem is to identify 
the one which is most cost-effective. The 
1g77 review highlighted the nee·d to re-
duce the size per unit of output and some 
progress has been made in this respect, for 
instance by reducing the front tot back 
dimension and by changing the configura-
tion of the interlocking upper and lower 
reservoirs . However. this still remains one of 
the most substantial problems . 
Early in the programme it was thought 
possible that the high throughput at very 
low head demanded of the water turbines 
would lead to design requirements to which 
feasible solutions might not exist . However. 
subsequent evaluation has indicated techni-
cal feasibility : indeed the slow speed Kaplan 
turbines should be relatively robust and 
reliable . 
The Device Team has developed a 
tapered rubber flap valve which operates 
well in the model conditions . Full scale 
flaps would require reinforcement with met-
al. and further work on their design is 
needed . 
Whilst fouling by marine organisms may 
have a detrimental effect on the operation 
of the flaps and their hinges, there is con-
siderable experience of the behaviour of 
rubber in sea water . As noted in Chapter 8 . 
a survey by the Consulting Engineers of 
suitable locations off the Outer Hebrides 
has revealed that there may be considerable 
problems of choking of the system by drift-
ing kelp , and more detailed evaluation of 
this point is needed . 
In summary, the testing and design work 
has reached a stage where the concept is 
considered to be technically feasible to 
build but success would be needed in solv-
ing problems in the following areas before 
the concept could be acceptable overall : 
-fouling and clogging by marine organ-
isms; 
-reduction in size per unit of output (to 
reduce cost) : 
-long term reliability of the rectifying 
valves . 
A relatively unattractive feature of the 
Rectifier which is emerging is that it is not 
likely to be able to capture as much of the 
wave energy resource as some of the free-
floating designs. A preliminary survey has 
shown considerable restrictions on the loca-
tion of the converters off the Outer Heb-
rides due to misalignment of the seabed 
contours (which will determine the orienta-
tion of the working face) with respect to the 
most frequent direction of the oncoming 
waves and to shadow effects from head-
lands. As noted in Chapter 2. the accumu-
lation of detailed information on the direc-
tional properties of the wave spectrum can 
have an important influence on the design 
of the converters and indeed on their overall 
viability . 
Oscillating Water Column 
The concept of a water column oscillating 
vertically in tune with the oncoming waves 
has for many years been thought of as a 
promising wave energy converter, and has 
indeed been put to use in Japan on a very 
small scale of output for powering naviga-
tion buoys . 
The trapped oscillating column of water 
can be made to do work in a number of 
ways, of which the favoured method is to 
allow it to operate as a piston to pump air 
through a turbine . Even when this choice 
has been made there remain a wide variety 
of configurations and the combination of 
parameters which will determine the effici-
ency of the converter is particularly com-
plex A more detailed discussion of the 
primary power take-off is given in Chapter 
6. 
A Device Team at the National Engineer-
ing Laboratory has been developing this 
concept. Their version uses the inertia of a 
converter and the surrounding water to 
react the forces on the water column . The 
converter is envisaged as a floating struc-
ture approximately equal in depth and width 
and with a length about three times the 
width. see Fig 3 .2 . 
The front face (that facing the oncoming 
waves) has openings to the sea and contains 
the oscillating water columns which pump 
air to drive low pressure turbines and which 
in turn drive electrical generators which are 
all housed behind the front chambers in the 
main body of the converter. The operating 
principle is illustrated in Fig 3 . 3 
The interaction of the converter with the 
waves induces vertical , horizontal and rota-
tional motion of the structure as well as 
oscillations of the column itself and each of 
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these motions causes waves to be gene-
rated . The converte r also scatters the sea 
waves because it presents a physical barrier 
to them and all these radiated wave compo-
nents combine vecto rially to give the resul-
tant radiated wave field . The ideal would be 
for them all to cancel so that no energy is 
radiated by the converter and the sole ef-
fect is the complete absorption of the inci-
dent waves . In the compact free-floating 
converter such as we are considering here , 
where the motions of the structure are 
appreciable, the extent to which cancella-
tion of the wave components can be 
achieved depends primarily on the shape . 
Extensive tank testing, mostly at 1 / 1 00 
scale. has led to the development of shapes 
for which a high degree of cancellation is 
achieved in typical seas resulting in a high 
ext raction efficiency. In big seas the conver-
te r tends to ride like a cork . 
This converter has two very desirable 
features . Firstly, the large wave forces are 
at no point concentrated into point loads in 
the structure or the turbine but remain as 
distributed pressures and , secondly, the tur-
bine and other machinery is accessible for 
maintenance and repair. 
Progress and outstanding problems. An 
interim reference design has been devel-
oped to the stage where construction in 
reinforced concrete or structural steelwork 
is practicable . Progress has been made on 
the internal layout, valves and plant , and a 
comprehensive testing programme in wave 
tanks has been completed . The primary 
power take-off via the air turbine is a posi-
tive asset in that it is reasonable within 
present technology . Attention has been 
given in the detail of the design of that part 
of the structure which encases the water 
columns to ensure that water cannot enter 
the air turbines under abnormal conditions . 
Whilst there are still some problems in this 
area they are regarded as solvable . 
Despite the technical progress which has 
given confidence in the engineering feasibil-
ity, however. the cost-effectiveness of the 
particular design solutions so far adopted 
needs to be improved for three main rea-
sons: 
-although smaller than some of the 
waves in which it would have to oper-
ate , the st ructure illustrated in Fig 3 .3 
is very large ; 
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Fig 3 . 3 Operating principle of one fo~m of the Oscillating Water Column Converter, 
as developed at the National Engineering Laboratory 
-the geometry and mass determ ine that 
construction could take place only on 
a limited number of sites of the type 
used for constructing gravity platfo rms 
for the North Sea ; 
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-the shape , alignment and motion 
of the converter combine to make 
a parti cu larly severe mooring prob-
lem in terms of force and 
excursion. 
Principal wave direction 
1 j 
(a) ( b) (c) 
(d ) (e) 
Fig 3 . 4 Outline shapes for an Oscillating Water Column Converter, used in Japanese 
model tests 
It should now be possible to build on the 
much improved technical understanding of 
this converter to investigate the many other 
types of layout in order to move towards 
the one wh ich is most cost-effective . 
International collaboration. A different lay-
out based on the principle of the oscillating 
water column is being developed by the 
Japan Marine Science and Technology 
Centre as noted in Chapter 1 . 2 . Several 
overall shapes of the converter were tested 
as small models in wave tanks, Fig 3 .4 , 
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and the ship-type (a) was chosen for further 
development for two basic reasons : 
- it should have the lowest mooring 
forces ; 
-the ease of construction . based upon 
shipbuilding techniques . 
On the other hand this shape is likely to 
collect energy from a narrower wave front 
than the other shapes . It will be noted that 
outline shape (b) is the one which has 
formed the basis of the work at the National 
Engineering laboratory in the UK pro-
gramme: it will collect energy along a 
Fig 3. 5 Artist 's impression of one form of Raft Converter 
Fig 3 . 6 Artist 's impression of one form of the Duck 
broader front at the expense of higher 
mooring forces. 
The Japanese programme has moved for-
ward to the point of testing during 1978 a 
vessel about 3 km off Yura in the Sea of 
Japan . The vessel. named Kaimei . has pro-
vision for 22 separate air pump rooms 
operating from oscillating water columns 
which are open to the sea at the bottom 
(the vessel is kept afloat by buoyancy com-
partments). Up to 1 0 electric generators 
connected to air turbines can be installed 
eventually. with a possible combined peak 
output of 2 MW. although not all of the 
positions will be in use initially. 
Testing of models in wave tanks showed 
that the best efficiency would be obtained 
when the length of the converter is 
1 . 2- 1 . 7 times the anticipated average 
wave length . Analysis of the wave data 
from the Japan Sea then indicated that the 
overall length of the converter should be 
about 80 m. The design wave for the 
Kaimei has a wave length of 7 5 m (period . 
7 sec) and significant height of 4 m . thus 
the vessel is somewhat smaller than . but 
approaching . that which would be the de-
sign optimum for operation in the North 
Atlantic . 
The United Kingdom . together with Can-
.ada and the USA. has accepted an offer by 
the Japanese to enter into a joint pro-
gramme of further work with the Kaimei 
under the auspices of the International En-
ergy Agency. Amongst other clauses. the 
agreement presents an apportunity to test a 
UK-built air turbine system on the Kaimei 
during 1979.* 
The possibility of gaining experience of 
operation in the sea simultaneously with the 
testing of some of the UK designs in a 
more highly instrumented manner at the 
1 / 1 0th scale in more sheltered waters will 
be an instructive addition to the overall UK 
programme. and there should be consider-
able benefits arising from mutual detailed 
evaluation of the highly complex problems 
of the design of wave energy converters. 
Rah 
The concept of the wave-contouring raft . as 
invented by Sir Christopher Cockerell . is 
being developed by Wave power Ltd . The 
• The project was also joined by Eire in 
1979 . 
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mid-1 9 7 8 reference design is illustrated in 
outline in Fig 3.5 . 
A raft converter consists of a string of 
relatively shallow pontoons connected by 
hinges and moored in line with the prevail-
ing wave direction . Power is extracted from 
the relative angular movements of the ad-
joining pontoons with the passage of waves 
underneath them . The first model tests in 
wave tanks were conducted with up to 
seven pontoons in the overall raft. It is 
likely. however. that the optimum configura-
tion will be a string of three pontoons : the 
first two of equal length and the third (rear) 
pontoon twice the length . Such a configu-
ration gives approximately equal sharing of 
power between the two lines of hinges 
which join the pontoons together. 
Experimental work has shown that opti-
mising against energy extraction efficiency 
can lead to a design which is capable of 
extracting energy from waves of periods 
from about 4-1 5 seconds with efficiency 
greater than 60 per cent . Thus the system 
can be made to operate effectively as an 
oscillator over a wide band-a desirable 
feature-the fact that the efficiency falls 
rapidly for the very large waves with periods 
over 1 5 seconds can be regarded as an 
advantage from the power take-off point of 
view . At present a complete full size raft 
(annual mean power rating . 1 MW of elec-
tricity) is envisaged as having dimensions 
1 00 m X 50 m (the latter dimension is the 
one presented to the oncoming wave 
fronts) and 7 - 9 m deep . The size has yet 
to be optimised against overall costs in the 
light of more detailed information : smaller 
rafts would have a lower power output but 
this could well be offset by lower manufac-
turing costs of the main components . 
For the primary power take-off the relative 
angular motions of the pontoons about the 
hinges would be used to pressurise water in 
a hydraulic main which would lead to a 
turbine driving a generator. Several different 
mechanical systems for producing the pres-
surised water have been studied and sea 
water is preferred as the working fluid . In 
the 1 9 7 8 reference design a system of 
toothed racks and gears drives a set of ram 
pumps . The angular motion of the hinges 
varies with the sea conditions. but the 
stroke of the pumps is fixed by the throw of 
the driving crank . Thus the gear driven 
pumps can be of efficient design . executing 
one stroke for a small hinge rotation and 
several strokes for a large hinge rotation . 
Other pump systems are under investigation 
as offering much simpler layouts . Some 
further general discussion of the power 
take-off is given in Chapter 6 . 
The choice of constructional material 
would be in principle between reinforced 
concrete and steel. A complete raft of the 
size noted above in which most of the 
structure consisted of reinforced concrete 
would contain about 1 8 .000 tonnes of the 
latter. Optimisation of the design could lead 
to a mixture. with the front and rear pon-
toons being of concrete and the middle one 
(which houses the power plant and is there-
fore more complex) of steel. The moorings 
of both an individual raft and of adjacent 
rafts in relatively close proximity presents 
significant problems to which attention is 
being given . 
The concept of the converter is particu-
larly susceptible to the problems of slamm-
ing : wave slam is the impact phenomenon 
which might occur when the leading pon-
toon re-enters the water if it were thrown 
clear of the sea by an especially severe 
wave . The loading incurred on the structure 
would be localised and short-l ived , but 
could be very high . However. the problem 
can be avoided by careful design . 
Progress and outstanding problems. Con-
siderable progress has been made in under-
standing the theory and practice of the Raft 
concept. in which the work of Wavepower 
Ltd has been complemented by analytical 
work at the CEGB 's Marchwood Laboratory. 
Model test results have been applied to 
mechanical and structural design : hulls 
have been designed in both steel and con-
crete and outline consideration has been 
given to factory assembly lines for quantity 
production . Several power take-off systems 
have been evaluated . The general design 
work has been supplemented during 197 8 
by open water trials of 1 / 1 0th scale mod-
els in the Solent . The main objectives of 
these were to gain sea experience and to 
obtain data . especially on mooring . in real 
sea conditions . A high degree of instrumen-
tation was incorporated in the models . 
From a strategic viewpoint. the Raft has 
a substantial advantage over the Rectifier 
and the Oscillating Water Column discussed 
above in that construction of the pontoons 
could take place at a wide range of sites 
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and towing them on to location would be 
straightforward . These factors must help to 
reduce the costs . However. there remains a 
considerable design complexity in extracting 
power by means of large forces passing 
through oscillating mechanical linkages. 
which may prove difficult to overcome with 
cost-effective sol utions . Further effort in t he 
immediate future will be needed on two 
especially important cost centres in t he 
design : the hinges and associated power 
take-off . and the problems of moori ng. 
Duck 
The Duck . invented by S H Salter and 
current ly being studied by Sea Energy Asso-
ciates and at Edinburgh University, is gener-
ally regarded as an elegant concept, com-
pact and economical in the use of const ruc-
tional materials. but relatively complex . The 
complexity on the one hand can raise prob-
lems of system behaviour and reliability. but 
on the other hand can provide opportunities 
for a range of potential solutions to the 
design problems . 
The essential features of the Duck are a 
very long floating cylindrical spine and a 
series of cams. or ducks. which are located 
on and rotate around the spine . see Fig 
3 . 6 . Power is generated from the motion of 
the ducks relative to the spine . The profile 
of the front face of a duck is chosen so that 
for relatively small rotations the displace-
ments match those of the water particles in 
a wave . The rear face of a duck is circular 
and therefore does not displace any water . 
Theoretically. if the restraining force applied 
to the ducks is chosen correctly. an inci-
dent wave is unable to distinguish between 
a duck and adjacent water. and can trans-
fer all of its energy to the duck : in this case 
the duck can be a perfect absorber. 
The origi nal concept of the spine was 
that of a continuous backbone which would 
obtain its stability from the self-cancelling of 
wave effects over several wave crest 
lengths . It provides also an advantage of 
allowing the power from many individual 
ducks to be collected together in a relatively 
straightforward manner up to a convenient 
level for generating electricity , thereby 
avoidi ng the prob lems of close mooring 
associated with . say, a multiple array of 
smaller rafts . 
However. the analytical work which has 
been completed shows that the spine pre-
sents one of the most difficult design prob-
lem areas . Long spines. designed to remain 
rigid. would require impractically large dia-
meters in order to accommodate the opera-
tional stresses . Several possible approaches 
to the problem are being considered . in-
cluding articulated and curved spines . The 
articulation involves the design of discrete 
joints or hinges which . for maximum .effi-
ciency. will remain stiff in moderate seas 
but flex in heavy seas . 
The main design options for the primary 
power take-off are discussed in Chapte_r 6 . 
Whilst a number of systems has been inves-
tigated . many problems still remain to be 
tackled . In particular. there are practical 
difficulties associated with reversing high 
pressure hydraulic pumps and large strains 
in the high pressure mains . and achieving a 
layout of all components w hich will provide 
the right level of accessibility for mainte-
nance will require a high degree of engi-
neering ingenuity. 
Careful thought has been given to the 
details of the shape of the ducks. and 
recent work has indicated that a profile of 
the top surface is possible which can help 
to ensure the survival of the system under 
the impact of very large waves . 
Progress and outstanding problems. Con-
siderable knowledge has been gained on 
the principles and behaviour of a number of 
duck and spine designs by several routes : 
-the construction of a new wave tank 
at Edinburgh which can model any 
required wave conditions; 
--experimental work in the wave tank on 
a model duck subjected to all the 
weather conditions of the North Atlan-
tic. including breaking waves . The sin-
gle duck was mounted in a rig which 
simulated the behaviour of adjacent 
ducks. and the development of this rig 
was an important step forward in pro-
viding the ability to simulate a string 
of ducks under controlled conditions 
in the laboratory; 
-testing models in the tank under con-
ditions of very steep waves . which 
indicated that slamming behaviour is 
likely to be acceptable; 
-the testing of a 1 / 1 5th scale model 
duck in the National Maritime Institute 
(NM I) wave tank at Feltham . which 
showed good correlation with the 
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1 / 1 00th scale work at Edinburgh . 
thus giving confidence in the validity 
of further work at the small scale ; 
-the construction and testing of a 
1 / 1 0th scale model of one design of 
duck and spine in Loch Ness . 
However. engineering solutions which are 
accepted as credible are not yet available to 
the design problems of the spine and the 
power take-off . They require much further 
effort with special emphasis on : 
-survival under the worst conditions ; 
-the problems of maintenance ; 
--engineering cost optimisation . 
3.2 Alternative concepts 
Over many decades the possibility of tapp-
ing the power of ocean waves seems to 
have exerted a peculiar fascination over 
inventors . Hundreds of ideas have been put 
forward . After a detailed analysis by the 
National Engineering Laboratory. four con-
cepts were adopted for initial study under 
the Department of Energy programme . 
However. a steady flow of new proposals is 
received by the Energy Technology Support 
Unit which acts as the primary point of 
contact with the proposers: over 40 were 
considered during 1977 . 
The Wave Energy Steering Committee set 
up a Technical Advisory Group (TAG 1. see 
Appendix 3) to assess and advise upon new 
concepts. and to initiate work on those 
which show promise or can fill a gap in the 
wide spectrum of technological types which 
should be studied . It is by no means certain 
that the most acceptable concept lies 
amongst those which are in the programme 
at this stage . The Committee is keeping an 
open mind until t he analytic and experimen-
tal work enable a clear choice to be made . 
The important criteria in assessing the 
merits of new ideas are the likely engineer-
ing feasibility and cost-effectiveness . How-
ever. the appropriate data on costs are 
usually at best very approximate and often 
absent . Other factors are therefore taken 
into account as clues to the main criteria : 
-hydrodynamic efficiency in 'mixed ' 
seas; 
-feasibility of the proposed power take-
off (i nclud ing mechanica l efficiency . 
component life under the arduous 
conditions. access for maintenance. 
etc) ; 
-provision of a suitable frame of refer-
ence against which moving parts can 
react. or a valid system of force can-
cellation ; 
-survival in extreme wave conditions ; 
-compactness (which has a direct bear-
ing on both cost-effectiveness and en-
vironmental impact) ; 
-mechanical and structural simplicity. 
Most concepts which have been as-
sessed failed on several of these factors . 
but two have been recommended for initial 
financial support from the Department of 
Energy. 
. One po_ssible very simple way of classify-
ing the wide variety of potential concepts . 
so that efforts can be made to ensure that 
no major avenue remains unexplored . is 
based upon three essentially geometrical 
properties : 
-width (wide or narrow in relation to 
the average wave crest length) ; 
-length (long or short with respect to 
wave length) ; 
-non-directional or directional (able . or 
not. to absorb energy from several or 
all directions simultaneously and with 
approximately equal efficiency) . 
There has. for instance . been considerable 
theoretical interest in the idea of a 'point ab-
sorber'-a converter which would be nar-
row: short and non-directional-as a possi-
ble important gap in the original pro-
gramme . 
Long converters would be easier to moor 
than short . wide converters and ease the 
problems of power collection (important 
considerations in the overall cost) but these 
features can be counterbalanced by short 
converters tending to be more effective in 
capturing energy on the basis of unit length 
of working face. The final choice of the best 
system overall will involve engineering 
Judgement. compromise and optimisation 
over a considerable range of parameters. 
some of which will be in conflict . 
A 2 X 2 X 2 classification of concepts 
based on the three properties noted above 
is shown in Fig 3 .7 . Two of the eight 
categories are void . since a wide or long 
converter cannot be non-directional. It is of 
interest that all four designs chosen for the 
mainstream of the original programme fall 
into one particular category . The two new 
concepts on which the exploratory work is 
now included in the programme. described 
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Fig 3. 7 Classification of converters by 
three geometrical properties 
Vickers Duct 
A funding contribution towards a proof of 
concept study has been allocated to Vickers 
Ltd_ wh_o put forward a design concept 
which 1s based essentially on a resonant 
oscillating water column but which is novel 
1n the nature of the damping applied to the 
column and in the fact that it may have 
some of the characteristics of a point ab-
sorber. The concept is illustrated in Fig 3 . 8 . 
The philosophy which led to the creation 
of the concept included the following im-
portant points: 
-survival in heavy seas is more easily 
assured if the converter is submerged 
(it sits on or near the seabed) ; 
---economy and reliability will be more 
readily attained by adopting the sim-
plest possible power take-off machin-
ery (a water turbine working in unidi-
rectional flow); 
-apart from the turbine / generator. a 
minimum of moving parts . 
. The mode of operation can be described 
1n relation to Fig 3 . g . A submerged tube is 
attached to a closed air reservoir at one 
end with the other end open to the sea . 
/ 
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Fig 3 . 8 The Duct (a new concept by Vickers Ltd) 
The water in the tube can oscillate in 
response to changes in water pressure 
caused by surface waves passing over it . 
The water column's length is chosen to 
relate its natural period to that of the 
waves . so that resonance occurs and the 
oscillation is amplified; the restoring force is 
provided by the pressure in the closed air 
reservoir . 
When the water column oscillates. the 
amplitude is sufficient for water to overspill 
into the reservoir for a number of cycles . 
This raises the reservoir water level. increas-
ing the pressure in the reservoir and thus 
depressing the mean level of the water 
column's oscillation ; overspilling stops. al-
though the water continues to oscillate . If 
an outlet valve on the reservoir is opened. 
water is discharged. the pressure is re-
duced . the mean level of oscillation rises 
and overspilling starts again. By balancing 
inflow and outflow. a steady state can be 
maintained. with water being discharged 
conti nuously . Power. represented by the 
product of the water discharge rate and the 
pressure differential. can be extracted by 
placing a turbine within the discharge flow. 
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The scale of the converter will be deter-
mined by the requirements that the air store 
(basically acting as a spring) and the water 
collecting trough will need to be large. In 
addition . to attain a ratio of scale to power 
output comparable to other concepts the 
water column will need to capture power 
over several times its own width. These 
problems may. on further investigation . 
prove to be insuperable. but in the mean-
time the basic simplicity and ruggedness of 
the concept are attractive . 
Flexible bag 
This concept was invented by Professor 
French . Lancaster University, and the early 
work on it was funded by the Science 
Research Council. The Department of En-
ergy has recently accepted responsibility for 
further funding. 
The design. illustrated in principle in Fig 
3 .10. comprises a number of air-filled bags 
attached along the top of a submerged hull 
lying head-on to the sea. The bags are 
formed by dividing a long tube made from 
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Fig 3 . 1 0 Illustration of the working cycle of the flexible bag 
tion membranes of the same flex ible ma-
terial . 
The hull is a narrow prestressed concrete 
structure . typically about 1 90 m overall 
length . 6 m beam . and 8 m deep for an 
output of several MW. containing high and 
low pressure air ducts connected to the 
bags by non-return valves. 
The ducts are connected together 
through a pair of air turbines located in a 
machine housing midships . Together the 
bags . ducts and turbine comprise a closed 
circuit air system . The m3in part of the hull 
lies submerged with its base some 1 3 m 
below mean wave level. Raised tank struc-
tures at each end of the hull provide trim 
and reserve buoyancy. 
In operation the converters would be 
moored in line with the direction of the 
incident waves and side by side . spaced 
sufficiently apart to swing clear of one 
another under the most adverse weather 
conditions. 
As in the Japanese Kaimei vessel de-
scribed earlier under the Oscillating Water 
Column . the vertical planes converting the 
wave energy lie normal to the wave motion . 
the waves being attenuated as they travel 
through channels formed by adjacent con-
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verters . As the wave trains run along a 
converter the rise and fall of the water on 
each side of the bags causes the latter to 
act as bellows pumping air from the low to 
the high pressure ducts. The differential 
pressure between the high and low pres-
sure sides is governed by the power take-
off . and is of the order of 1 5 kN / m2 above 
the datum pressure . 
The concept is unusual in that it was not 
conceived as a resonant device . The sur-
face from which the wave energy is ex-
tracted is a light flexible membrane . The 
motion of this membrane is such that the 
hydrodynamic added mass is also very 
small. This means that the bag does not 
have a resonant period within the wave 
spectrum . However. the added damping 
(the ability to radiate waves . or conversely 
absorb waves) is high and the device could 
in theory have a high efficiency over a very 
wide bandwidth . that is covering most of 
the wave spectrum . The converter will not 
therefore exhibit the same characteristi cs as 
the other floating converters . 
The present form of the concept has 
been evolved following a range of static 
single- and seven-cell model tests up to 
1 / 1 2th scale which allowed optimisation of 




some of the parameters for a 1 ; 40th scale 
model to be tested in wave tanks at Lancas-
ter. Salford and Glasgow Universities. The 
work is still in its early stages : small scale 
experiments backed by analytical studies to 
determine th_e parameters which will govern 
the _en_g1neenng requirements . coupled with 
preliminary engineering design work . Whilst 
the concept has several inherent attrac-
tions. such as low materials content and 
relative ease of construction and mooring 
(and hence . coupled with the use of air 
turbines_. relative cost-effectiveness) . ensur-
ing the integrity of the air bags in relation 
to the overall capability to survive in adverse 
sea conditions will be one of the most 









4 General aspects of structural design 
The successful design of a wave energy 
converter will involve the prediction of 
water-induced motions and loads and struc-
tural response . based on experimental data 
and theoretical analysis . Structural design 
will require application of established design 
procedures and data for steel and concrete 
structures. contained to some extent in 
existi ng codes for ships and offshore struc-
tures but probably requiring adaptation for 
wave-energy converters . Problems influenc-
ing the choice and deployment of materials. 
in particular problems of corrosion and foul-
ing . will also req uire careful consideration. 
This chapter is concerned with the develop-
ment of analysis methods and procurement 
of experimental data relating to fluid loading 
and structural response of devices. together 
with assessment of some major materials 
problems and structural design procedures . 
These problem areas have been the respon-
sibility of Technical Advisory Group No. 3 of 
the Wave Energy Steering Committee (see 
Appendix 3) . on which the device develop-
ment teams are rep resented. 
The design of any marine structure ex-
posed to wave action requires the predic-
tion of : 
--extreme wave-induced loads: 
-histograms of cyclic loads which may 
cause fatigue damage. 
Ideally both these items of information 
should be defined statistically . correspond-
ing to a statistical description of the wave 
conditions (significant heights . mean peri-
ods and directional spreads) which the 
structure will experience during its life . Im-
pulsive forces caused by breaking waves 
and by slamming of the structure may also 
contribute substantially to extreme wave-
induced loads . 
For structural analysis purposes loads can 
be classified usefully into three major cate-
gories : 
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-primary bending and twisting moments 
and direct and shear forces acting on 
a major structural component (for in-
stance a Salter spine or a Cockerell 
pontoon) . causing deformations and 
stresses throughout the component ; 
-secondary loads. for instance local hy-
drodynamic or inertial forces. which 
contribute to the primary loads but 
also cause localised deformations and 
stresses: 
-forces and moments transmitted at 
mooring points or at connections be-
tween the elements of a multi-compo-
nent array. 
In each case the wave-induced loads will be 
superimposed on still-water loads which are 
caused by an imbalance in the distribution 
of the weight and buoyancy forces . There is 
a very extensive literature on the topic of 
wave loads on marine structures. including 
both ships and off-shore structures . but 
unfortunately many wave energy converter 
designs have features which present special 
problems not accommodated by the estab-
lished methods . A key difference is that in 
many cases they involve a number of major 
moving components and must be treated as 
multi-element bodies in the analysis. re-
sponding to wave forces with more than six 
degrees of freedom . 
4. 1 Evaluation of wave-induced mo-
t ions and loads 
For analysis purposes the response of a 
floating structure to wave energy action is 
usually assumed to be linear. i .e. coeffi -
cients in the equations of motion are con-
stant and motions. loads. deformations and 
stresses are proportional to wave height. In 
some cases hydrodynamic coefficients may 
be obtained from established theoretical or 
empirical data for simple cylindrical. spheri-








more general geometries. hydrodynamic 
pressures on elements of a submerged sur-
face may be computed using diffraction 
theory : integration of pressures over the 
complete su_bmerged surface then yields 
hydrodynamic forces acting on the floating 
body as a whole . 
A large number of computer programs 
and analytical solutions is available . Such 
programs . especially those based on three-
d1mens_1onal theory, are unfortunately very 
expensive to run and . although they will 
have an important role to play in the further 
development of wave energy converters . for 
many practical purposes simpler approxi-
mate methods are needed . 
It is likely that such linear analysis meth-
ods will be of particular value in the follow-
ing problem areas : 
---evaluation of the performance of alter-
native converter configurations in 
moderate wave conditions · 
---evaluation of cyclic load hi~tograms in 
relation to fatigue failure ; 
-as a starting point and a basis for 
semi-empirical prediction of motions 
and loads in designing against ex-
treme operating conditions . 
. However there are the following limita-
tions : 
-the response of most of the conver-
ters . _p_articularly in extreme operating 
cond1t1ons. will be at least partly de-
pendent upon non-linear effects (in 
the relationship of the coefficients in 
the equations of motion to wave 
height) ; 
-no account is taken of the effects of 
impulse forces caused by breaking 
waves and by slamming; 
-the statistics and spectral form of ex-
treme wave conditions are not known 
reliably . 
Whilst the theoretical methods. including 
possibly those of non-linear analysis based 
on hybrid computers . will be valuable in the 
further development work. the evaluation of 
response under extreme conditions is likely 
to have to rely heavily upon experimental 
data from small-scale tank tests and larger 
scale _sea trials . Becuse many of the prob-
lems mvolved are similar to those relating to 
mooring the description of the latter in 
Chapter 5 arrives at a similar conclusion . 
Under the guidance of the Technical Ad-
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visory Group , progress has been made on a 
number of problems in this area during the 
two year feas1bil1ty study in a number of 
lab_oratories . Work carried out by the British 
Ship Research Association (BSRA) and the 
National Maritime Institute (NMI) on the 
theoretical analysis of wave-induced mo-
tions and loads has included : 
-an assessment of existing linear analy-
sis methods and computer programs 
for ships and off-shore structures; 
-an extension of the existing methods 
and programs to deal with two- and 
three-dimensional representation of 
wave energy devices; 
-a comparison of the computed re-
sponses with experimental data for the 
wave energy converter modelling 
work . 
Comparison of the theoretical and experi-
memal results has been encouraging and , 
while the limitations of linear analysis are 
recognised . it is believed that the BSRA and 
NMI programs now provide a valuable 
means of assessing the performance of 
converters and of developing the designs 
further . 
. Significant theoretical studies in this area . 
with particular application to ducks and 
rafts. have also been carried out by the 
CEGB ._ Information on the wave induced 
loads in the spines of the duck design. 
pomting to a need for the articulation of the 
spine as a means of avoiding large bending 
moments . has been obtained from a theo-
retical study carried out under contract by 
the National Engineering Laboratory. 
Some limited progress has been made in 
experimental evaluation of wave-induced 
load_s and stresses in ducks and spines . and 
at hinges and mooring points for rafts 
Experimental trials in Loch Ness and the 
Solent were subject to delays by unfavour-
able wave conditions . However. realisation 
of the continuing usefulness of small scale 
work has led to the construction of an 
advanced wave tank at Edinburgh University 
in wh1_ch models can be subjected under 
real1st1c conditions to all forms of wave 
regime appropriate to the North Atlantic . As 
a result of the successful commissioning of 
this tank. it is likely that much further small 
scale work can be done which is not sub-
Ject to the lack of control over the weather 
and the difficulties of making measurements 
in real open water. 
Theoretical studies of certain aspects of 
the impulsive loads caused by breaking 
waves and slamming effects have been 
carried out at Cambridge University. the 
National Maritime Institute and the Hydrau-
lics Research Station . Comparison with the 
data for ships (Lloyds Register) and offshore 
structures has demonstrated the potential 
importance of these impulsive loads . Severe 
breaking wave conditions have been pro-
duced in controlled model experiments in 
the wave tank at Edinburgh University. 
Many of these theoretical approaches to 
the analysis of the wave-induced motions 
and loads are capable of considerable fur-
ther development . which will be needed to 
enable them to be applied with greater 
confidence and precision in the continuing 
design work. The Technical Advisory Group 
is planning a programme of these further 
studies . In addition the experimental evalua-
tion of wave induced motions and loads 
and of the structural response should pro-
ceed further along two main routes : 
-systematic experiments on small scale 
models of each design in wave tanks 
under controlled conditions. including 
regular and irregular long-crested and 
short-crested waves and including ex-
treme and breaking waves ; this is a 
priority item which will require addi-
tional wave tank facilities ; 
-further tests of the Loch Ness and 
Solent type at intermediate scale to 
provide a check on the scaling effects 
and experience of ·going to sea · prior 
to subsequent larger or full-scale trials : 
the modelling of structural response is 
likely to be more effective at interme-
diate than at small scale . 
4.2 Evaluation of structural response 
For the purpose of evaluating structural 
response (that is. deformations and 
stresses) fixed or floating converters may be 
divided into two basic categories : 
- ·flexible ' systems. such as a set of 
ducks mounted on a long spine . in 
which the structural deformations are 
likely to be coupled strongly with the 
overall wave-induced motions ; 
- ·rigid ' systems (including possibly a 
chain of rigidly constructed raft pon-
toons) in which the structural defor-
mations are effectively uncoupled from 
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rigid body movements : in such cases 
structural response can be analysed 
separately from rigid body motions . 
using loads derived from the latter 
analysis. 
A wide variety of methods . varying from 
simple formulae to complex finite element 
analysis embodied in computer programs 
such as NASTRAN . SESAM and ASAS. is 
available for performing this type of analy-
sis . However. reliable and economic evalua-
tion of structural response does require 
considerable judgement in the choice and 
application of the particular analysis meth-
ods . An evaluation has been commissioned 
at Lloyds Register of the dynamic structural 
response of wave energy converters using 
NASTRAN . 
Other studies on structural design which 
have been initiated include : 
-preliminary work by Lloyds Register in 
collaboration with the engineering 
consultants and the device teams . of 
a provisional set of Guidance Notes on 
structural design which might serve as 
a basis for an eventual Code of Prac-
tice and which would in the meantime 
provide practical guidance on struc-
tural design ; 
-work by British Shipbuilders to develop 
and prepare cost estimates for refer-
ence designs in welded steel of the 
raft and the oscillating water column 
for comparison with alternative refer-
ence designs by Rendel. Palmer & 
Tritton based upon construction in 
concrete ; 
-Rendel. Palmer & Tritton have been 
commissioned to evaluate the possible 
structural applications of glass rein-
forced plastics in wave energy de-
vices . 
Further work in the near future will 
also need to cover the identification and 
detailed analysis of critical structural com-
ponents . In due course for those designs 
which are firmed up the proof testing of 
critical components. for instance hinges in 
the rafts and the joints in possible articu-
lated duck spines. under static cyclic loads. 
will need to be carried out to ensure the 
long term durability at sea : this is likely to 
be an expensive item in the forward pro-
gramme. 
4.3 Structural materials 
One of the most significant decisions to be 
made in the design is the choice of the 
main structural material---concrete or 
steel-a problem which parallels the situa-
tion in the offshore oil and gas rig industry. 
where production platforms have in fact 
been built in both materials . The operating 
conditions are sufficiently dissimilar be-
tween the requirements of wave energy and 
offshore structures , however, that by no 
means all of the information from the off-
shore research programmes and the result-
ing operating experience will be directly 
relevant in the wave energy field . 
Sea water is a very corrosive medium , 
the most serious effects probably occurring 
in the so-called splash zone where the 
surfaces of materials are exposed intermit-
tently to water and air. Corrosion effects 
will be an important consideration in the 
design of wave energy converters . especial-
ly since one of the criteria must be to 
achieve long operating life with the mini-
mum of maintenance . 
Concrete 
Some valuable experience already exists 
which illustrates that concrete structures 
can survive for long periods in the marine 
environment . For instance the Tongue 
Sands Fort , built of reinforced concrete with 
an upper steel deck some 1 3 km off Mar-
gate, is yielding information on the effects 
which can occur over an exposure of some 
35 years . 
Considered as a structural material , con-
crete has the advantages of being readily 
formed in complicated sections and of 
maintaining consistent quality in the pro-
cess . Its negligible tensile strength is over-
come by the use of reinforcement or by 
prestressing , whilst its compressive strength 
(although not of the same order as that of 
steel) is high enough to result in very 
economical compression sections . Over re-
cent years , engineers have sought continu-
ously to employ concrete in new situations 
and to increase its durability and economy 
in more familiar applications . It is being 
exploited in a range of structures (dams , 
bridges , nuclear containment vessels , tall 
chimneys , concrete ships, offshore gravity 
platforms, etc) which subject it collectively 
to most of the conditions which will apply 
in wave energy converters . One notable 
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new condition , however, will be the fatigue 
loading due to the wave action . 
Much valuable design information will 
become available through the Department 
of Energy's programme 'Concrete in the 
Oceans ' which was started in 197 6 in 
collaboration with about 20 companies . 
This is aimed at providing knowledge to 
improve the design , construction and long-
term performance of concrete oil production 
platforms . Many aspects of the behaviour of 
'standard ' reinforced concrete will be deter-
mined adequately in this programme. 
However, concrete in modern offshore 
structures has proved to be an expensive 
material , and wave energy converters can 
almost certainly not sustain the costs that 
are incurred in meeting oil company specifi-
cations . Nevertheless , there will be impor-
tant differences in the manufacturing condi-
tions : wave energy converters would be 
produced in large numbers using production 
line techniques leading to lower costs . Suc-
cess in the wave energy programme will 
depend on achieving a relatively cheap con-
crete structure which still retains adequate 
mechanical properties and corrosion resis-
tance . The 'Concrete in the Oceans ' project 
is currently under review and may well be 
extended to cover additional requirements 
from the wave energy programme. 
A specific aspect of wave energy conver-
ters will be the associated large electrical 
currents and voltages arising from the elec-
tricity generation and transmission pro-
cesses, which may give rise to stray current 
problems in reinforced concrete . A prelimi-
nary study of possible effects and solutions 
is under way . 
In summary, concrete is a very good 
structural material and most of the furthe r 
work necessary to advance the state of the 
art in the direction of lower costs whilst 
maintaining durability is likely to take place 
outside the wave energy programme. The 
situation is kept under review for the Device 
Teams and the Wave Energy Steering Com-
mittee by the consulting engineers and ma-
terials specialists . 
Steel 
Steel is a possible alternative to concrete as 
the main structural material but even if it 
were not chosen for this purpose many 
individual components would incorporate it. 
Steel structures have been used success-
fully for many years in marine conditions, 
and there is a vast fund of knowledge and 
experience of using corrosion-resistant coat-
ings and / or cathodic protection . Some 
commercial shipping experience does not 
look promising , but poor performance of 
anti-corrosion systems can often be attri-
buted to a choice of inferior materials , 
insufficient care over the conditions of ap-
plication , or misuse . Ships with good coat-
ing systems can now anticipate a life of 
some four years between dry dockings and 
much longer between major repairs to anti-
corrosion coatings. Since the wave energy 
converters may have to be taken off station 
for other maintenance or refit reasons over 
such intervals, it would appear that the 
corrosion aspects need not be the limiting 
factor. 
Mechanical damage to coatings will oc-
cur due , for instance , to impact with flot-
sam or with service boats . The wave energy 
programme should be able to benefit from 
the development of new paints for appli-
cation to wet surfaces , which is being 
stimulated by the need of offshore plat-
forms . 
An area of some ignorance , should steel 
be chosen , is fatigue failure . The wave 
loading on structures, predicted as in the 
earlier part of this chapter, both in magni-
tude and frequency , can be severe in terms 
of the possibility of inducing failure due to 
cyclic stresses . Since complex welding 
joints are of crucial importance in steel 
offshore oil / gas platforms , the subject is 
receiving increasing attention in that field . 
The Department of Energy supports a major 
research programme to provide quantitative 
data for the assessment of the safety and 
reliability of steel structures in the marine 
environment (the UK Offshore Steels Re-
search Project) . Whilst , unlike the situation 
on concrete , much of the work is designed 
for direct data gathering under conditions 
specif ic to offshore platforms and not rele-
vant to the geometry, loading and other 
conditions of wave energy converters , some 
results of general significance are beginning 
to emerge , supplemented by other pro-
grammes such as Admiralty work on the 
fat igue behaviour of gas turbine alloys and 
work at the British Non-Ferrous Metals Re-
search Centre on other non-ferrous alloys . 
The progress in all these programmes is 
being monitored for the relevance of their 
results to wave energy devices . 
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Other materials 
Early work towards reference designs for 
the converters has contemplated the use of 
rubbers, in some cases as vital components 
in addition to their use as sealing materials 
against the ingress of water. 
Whilst, in general , the use of various 
forms of vulcanised rubber as sealant will 
present no major new problems , some de-
signs may need to incorporate large circum-
ferential seals which are beyond present 
experience and would require extensive 
testing work . 
Rubber may be incorporated as an essen-
tial structural material-for instance as 
hinges for the flap gates of the Rectifier, or 
in the form of tyres as the power take-off 
for some designs of the Duck . However, 
from the materials point of view it wou ld be 
necessary to extend the present range of 
knowledge of the behaviour over long peri-
ods under seawater , in particular there is a 
lack of information for the prediction of 
failure rates from fatigue under cyclic 
stressing . The strain analysis of large rubber 
components may not be calculable to a 
sufficient degree of certainty and full-scale 
trials would be needed . These are being 
considered in the current extension to the 
programme . 
There has been some interest in the 
possible use of glass-reinforced plastics as 
structural material , based upon the growing 
experience of their successful application in 
small boats . One of the main attractions 
would be their very good resistance to 
corrosion , but there may be disadvantages 
due to a loss of strength over long time 
periods due to attack by moisture and to 
dynamic fatigue . For existing applications 
th is is not critical since low working 
stresses can be employed , producing struc-
tures which are durable and resistant to 
creep . To render the use of such materials 
cost-effective in the wave energy pro-
gramme would probably require better de-
sign techniques and more adequate data . 
Marine fouling 
Fouling is the settlement and growth of 
marine plants and animals on any part of a 
marine st ructu re. Other floating debris 
which comes into contact with a wave 
energy converter could also be included as 
fouling . Extensive fou ling of the wave en-









and the functioning and durability of the 
mechanical components could be affected 
seriously without _ proper attention to design 
details. The possible effects of marine foul-
ing are shown in Table 4. 1. 
Table 4 . 1 Possible effects of marine fouling 
Increased weight of structure 
Increased volume of structure 
Increased surface roughness and drag 
Masking of surface to obviate routine inspection 
and maintenance 
Removal of fouling often removes protective lay-
ers as well 
Changes in corrosion fatigue behaviour 
Enhanced probability of brittle fracture 
Tnbology effects on moving parts. eg reduction 
in gear and bearing lifetimes 
Blockage of pipes . valves and gates 
Prevention of proper sealing of moving seals and 
valves 
The phenomenon has been investigated 
for many years. mainly in connection with 
the effects on the fuel consumption of ships 
due to the increased drag and friction . but 
also mooring ropes and chains and naviga-
tion buoys have been examined . More re-
cently there has been a much increased 
,nteres_t in the effects of fouling on plat-
forms in the North Sea. where large diame-
ter increases have occurred on cylindrical 
components . A Department of Energy 
Working Party has been formed recently to 
advise on the need for action with respect 
to_ platforms . The wave energy programme 
will be able to benefit from the experiences 
and work reported to the Working Party. 
A particular item in Table 4 . 1 which is of 
concern to the offshore platform operators 
is the possible influence of fouling on corro-
sion and corrosion fatigue. and this is re-
ceiving attention . 
Few data exist on the types of fouling to 
be expected in the possible locations for 
wave energy devices off the Hebrides. and 
an experimental programme has been initi-
ated . Experience of the Harwell Laboratory 
and the Scottish Marine Biological Associa-
tion has _been combined to design and build 
an experimental test rig positioned about 
1 0 mile_s west of South Uist . The experi-
ment will monitor fouling on standard test 
panels from the first settlement period 
(spring) through at least two summer 
growth seasons at three depths and at the 
seabed . 
That serious problems may be encoun-
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tered is illustrated from the fact that general 
dat_a on fouling by barnacles and mussels 
indicate a possible buildup of some 40-50 
kg / m2 / year. The increased downthrust on 
fullscale wave energy devices could be in 
the range 1 -2 tonnes / year / m of wave 
front . Whilst the significance of this will 
differ for individual designs. it is too large to 
be ignored . A choice of remedies may be 
possible 1n principle . 
. Preliminary consideration is now being 
given to the possibility of large scale fouling 
tests ,n an area suitable for wave energy 
deve_lopment. in the form of a large moored 
floating structure which may well be valu-
able for other test purposes such as moor-
ing systems. The main reason for such a 
large scale test for fouling would be to 
determine whether the particular types of 
organism respon sible for fouling would be-
have in the same way on a full scale wave 
energy device as the way they behave on 
small test panels . There may be some rea-
sons why the behaviour could be different 
Finally it should be noted that siltation . 
ca_n be regarded as a form of fouling. and 
this ,s of particular relevance to the possibil-
ity of a converter such as the Rectifier 
mounted directly on the seabed. The impor-
tance of the transportation of sand and kelp 
by the waves into the Rectif ier can only be 
determined after a detailed design is avail-
able and a specific location has been cho-
se_n. For many locations off the Outer He-
brides. fouling by kelp might be serious : see 
Chapter 8 . 1 . 
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5 Mooring 
The ultimate safety and ability to survive of 
a floating wave energy converter will de-
pend upon the provision of a mooring 
which can withstand the most severe 
storms likely to be encountered in the sea 
area in which it is situated . It would not be 
tolerable that a significant proportion of the 
country's energy supply could be destroyed. 
or even disabled . in one extreme storm . 
Until comparatively recent times. almost 
all the development and practice of mooring 
have been associated with ships in relatively 
sheltered waters. Exploration and produc-
tion for oil and gas in offshore locations 
created new requirements for mooring in 
more exposed conditions . Whilst the design 
of wave energy converters will be able to 
lean on the experience and skills developed 
for the offshore industries . the conditions of 
operation will differ sufficiently to introduce 
additional requirements which are beyond 
the present state of the art if the desired 
degree of reliability is to be achieved at 
acceptable cost . 
Preliminary work in 1978 by the engi-
neering consultants to the Wave Energy 
Steering Committee indicated that mooring 
costs could become a substantial propor-
tion of the total cost of a wave power 
station in some designs . Thus both relia-
bility and costs are vitally important consid-
erations in the design of the mooring sys-
tem . The fact that a large number of moor-
ings would be required ultimately should 
bring economies of scale both in initial cost 
and in maintenance using dedicated service 
vessels and equipment . 
Whilst the detail of the design will de-
pend upon the particular wave energy con-
verter to be moored . it is possible to pursue 
many of the problems in a more general 
way . A Technical Advisory Group has been 
set up to provide expert knowledge to 
WESC and the engineering teams develop-
ing the converters. and to initiate an appro-
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priate research and development pro-
gramme (see Appendix 3). 
The first approach taken by the Technical 
Advisory Group was to examine how the 
present state of mooring knowledge and 
component availability could be applied to 
the tentative reference designs of conver-
ters so far available. There is no doubt. 
however. that as development proceeds on 
both converters and moorings close integra-
tion will be necessary in order to arrive at 
the optimum solution. For instance. design-
ing the converters for lower mooring forces 
may not ipso facto produce lower costs 
overall: higher conversion efficiencies along 
with higher forces might well be more eco-
nomic . The current philosophy and the de-
velopment of the initial general programme 
on mooring by the Technical Advisory 
Group are described below in Section 5 . 3 
after a brief description of the mooring 
systems from which a choice may be made . 
5. 1 Mooring systems 
In considering all the possible types of 
system by which wave energy converters 
could be positioned it is advisable to in-
clude not only conventional mooring but 
also forms of dynamic positioning which are 
in use or under development by the off-
shore oil industry . The main systems which 
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Dynamic positioning by propulsion 
This technique consists of an array of care-
fully positioned propellers or thrusters . each 
controlled from a central computer system 
to maintain position over a predetermined 
fixed location on the seabed: an array of 
sonic transducers on the seabed is usually 
required as fixed reference points . 
The present development appears to be 
limited to sea conditions which could be 
considered as the worst annual storm rather 
than the 50-year or longer term categories 
which are important for the suNival of wave 
power converters . 
In severe storm conditions. more power 
is likely to be needed for positioning than 
may be available from the converter itself . 
and costs would be very high . Therefore the 
further development of this system for 
wavepower generators has not been recom-
mended . 
Dynamic positioning by active mooring 
This system is used for positioning and 
moving pipelaying barges during the laying 
operations . It comprises up to 1 2 wire 
hawsers. each with an anchor. spread in an 
array around the barge . The inboard end of 
each mooring line is held on a winch which 
is seNo-controlled . usually by a computer. 
The basic design requirements differ sig-
nificantly from those of a wave energy 
converter . Whilst there would be some ad-
vantages for the latter in terms of reduced 
cable and anchor specifications. expensive 
machinery and control equipment would be 
necessary. requiring frequent maintenance . 
Moreover. substantial guaranteed power 
would be needed to ensure the safety of 
the wave energy converters in storm condi-
tions . 
Tethered buoyant platform mooring 
This is another recent development-moor-
ing lines under continual tension (and usu-
ally near vertical) react against the buoy-
ancy of the moored structure . It is under 
serious consideration for a future generation 
of offshore oil / gas production platforms. 
although full-scale experience is not yet 
available . The system is being developed to 
eliminate the heave motions . normally asso-
ciated with catenary moorings. to avoid 
damage to the oil production risers . In 
practice. for large structures . a relatively 
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expensive arrangement involving a number 
of ·tethers · is likely to be required . 
A substantial R and D programme has 
been initiated by several large oil companies 
and their contractors . At present the results 
are confidential to them . but it is expected 
that the technology would be made avail-
able for other uses when the system has 
been confirmed on an offshore oil field . 
However. since the moorings for wave en-
ergy converters will need very high compli-
ance it is unlikely that this type of system 
will be applicable . 
Catenary mooring 
Undoubtedly this is the system on which 
most experience exists. and which is being 
used increasingly in more exposed condi-
tions for relatively large structures (larger 
than wave energy converters) though rarely 
designed for extreme conditions . It provides 
the near horizontal pull necessary to ensure 
good performance from 'drag · anchors and 
provides ·spring · in the system. Both char-
acteristics tend to require a mooring line 
with high weight to unit length . 
Catenary moorings are currently being 
used on the semi-submersible platforms on 
the Argyll field . and the Buchan field is 
about to be developed with a similar sys-
tem . 
Design requirements will differ in the 
case of wave energy converters-for ex-
ample. station keeping may be less criti-
cal- but ultimate suNival may be required 
in more severe conditions and over longer 
periods without maintenance and inspec-
tion . 
Taut elastic mooring 
This type of mooring relies on the very high 
elasticity of man-made fibre ropes . rather 
than the catenary shape of a heavy line. to 
provide the necessary ·spring· . The ropes 
are neutrally buoyant. or nearly so. and 
would be essentially straight . This type of 
mooring has not previously been adopted in 
its pure form for exposed moorings. but is 
widely used in berthing situations . 
Choice of system 
Whilst the catenary system was chosen 
initially for more detailed consideration on 
the assumption that simplicity of concept 
I 
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together with known experience would be 
most likely to lead to an acceptable system. 
attention is being given also to other sys-
tems which are under development for dif-
ferent applications. For rigidly held conver-
ters . the cyclic forces at wave frequency 
would be large and would totally dominate 
all other forces . The forces in the catenary 
could be reduced to an acceptable level by 
allowing the converter to move in each 
wave : a compliant mooring would have 
many advantages. combining the desired 
degree of compliance with compactness 
(the latter feature having the important ef-
fect of allowing the converters to be 
moored relatively close together) . Such 
moorings will need development . In the 
event . a combination may be needed for an 
array of converters. depending in detail 
upon the converter design and the location . 
5.2 Mooring components 
There are three main components to a 
mooring system : 
-anchors; 
-mooring lines ; 
-shackles or joining components . 
Anchors 
There is currently a range of drag . dead-
weight and piled equipment and techniques 
available for anchoring . the largest sizes 
and the forces they have to resist be ing 
determined by the present market require-
ment . In addition experiments have been 
carried out on various embedment anchors . 
but presently at small scale . 
The dominating parameters which govern 
the performance of any anchor lie undoub-
tedly in the soi l composition of the seabed . 
If rock is at or near the surface then the 
choice becomes very limited to either rock 
piles or deadweight anchors . The efficiency 
of all other current means of anchoring is 
totally dependent on soil conditions and 
before any assessment of anchor holding 
capac ity. hence size. can be made. accu-
rate and extensive core sampling or tests 
must be made for each particular si te . It is 
therefore the case that there is no single 
anchor which will be suitable for all loca-
tions. In considering a large wave power 
installation made up of many modules ex-
tending for possibly hundreds of kilometres. 
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it is likely that a large ·wardrobe ' of anchors 
will be necessary to be cost effective and to 
meet the load requirements on each parti-
cular anchor site. 
The largest size of individual anchor 
which currently exists is at present consid-
erably smaller than that which it has been 
assumed would be required . The alternative 
of using several smaller anchors in place of 
a single unit may be possible . but may have 
economic penalties . The largest fluke an-
chors are around 70 tonnes weight with a 
predicted holding capacity in the region of 
6 .0 MN . At present there is no known 
reason to expect that adverse effects of 
increasing size and scale of fluke anchors 
exist. however this is a totally unexplored 
area and it may be found that increased 
scale would introduce problems in handling 
outside current experience . Most manufac-
turers contacted believe that there are no 
particular problems in manufacturing an-
chors of the sizes and scale envisaged . 
Difficulties of laying and maintain ing an-
chors during restricted weather windows off 
exposed coasts are liable to incur a heavy 
cost burden and it may well be that special 
self-burying anchor techniques (i .e. without 
surface support) will have to be developed if 
the ultimate potential of wave energy is to 
be exploited . 
Mooring lines 
There are three categories of mooring line 
currently available although strictly speaking 
only two are widely used for mooring to 
anchors. These are chain and wire rope . 
The third . man-made fibre rope . is used 
extensively for above-water moorings of 
ships to quays and to single buoy moorings 
but few applications to the seabed exist . 
The properties that man-made fibre ropes 
have to offer make them worthy of serious 
consideration . Since t he introduction of ny-
lon fibre in 1 940 and later polyester. poly-
propylene and polyethylene to the rope in-
dustry. the use of these fibres has grown 
dramatically to the extent that they are now 
used almost exclusively in place of the 
natural fibres coir. hemp. manilla and sisal. 
They are not susceptible to bio-degradation 
and the quality of the raw material can be 
carefully contro lled . The increased strength 
offered by man-made fibres makes possible 
smaller more handleable sizes and their 
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experiments do not fail at this information 
gathering stage . 
To provide a sound basis for prediction of 
full scale mooring requirements . it will be 
necessary to carry out accurate simulations 
during tank tests and to confirm these with 
more accurate modelling at the 1 / 1 0th 
sca le stage . The information so obtained 
will be important in correlating analytical 
predictions. 
Mathematical modelling 
Mathematical modelling for the design and 
assessment of mooring systems is seen as 
a necessary part of the overall programme. 
which must be dovetailed into tank and sea 
tests of models. Much of the recent work in 
this field has its origins in the offshore oil 
industry 's requirements . and it is antici-
pated that the work needed for wave energy 
purposes will be integrated wherever possi-
ble with the future Government sponsored 
offshore programmes . 
Existing methods. Mooring loads due to 
waves. currents and winds are usually 
treated as independent variables . This ap-
proach may be adequate in some situations 
but will require detailed consideration of the 
interaction between waves and currents 
where the latter are significant . However. 
some special difficulties need to be evalu-
ated further : 
-low frequency drift forces due to wave 
action can cause large amplitude mo-
tions of the converters at resonance . 
Such dynamic effects may amplify the 
mooring forces considerably. There are 
both theoretical and experimental 
difficulties in estimating these low fre-
quency forces ; 
-the estimation of drift forces is unreli-
able in random seas. and approximate 
methods have been developed to ex-
trapolate regular wave data to random 
sea conditions . There is doubt about 
such a procedure. however. and work 
is in progress at the National Maritime 
Institute (NMI) to clarify the situation 
(as part of an OETB programme); 
-the calculation of the surge response 
of ships in seas of irregular head is 
unlikely to be adequate when applied 
to wave energy converters. 
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Methods needing further development. 
Whilst existing theoretical models. assum-
ing linear waves and response. will probably 
be satisfactory for moderate operational 
conditions. they are unlikely to be appli-
cable to extreme survival conditions. Contin-
uing development is needed to increase the 
understanding and quantification of the 
phenomena involved . 
The relationship between peak and rms 
drift force (also low-frequency response and 
mooring loads) is different from that for 
wave heights . Analytical work is needed to 
enable designers to make more reliable 
estimates of long-term statistics of mooring 
loads. 
Instabilities due to non-linear terms in the 
equations of motion of the converters indi-
cate that large mooring loads in certain sea 
states can occur . An investigation is needed 
into possible ways in which these effects 
may arise and whether the proposed moor-
ing arrangements will be affected . 
Non-linear analysis in the time domain 
needs to be studied to determine its impor-
tance re lative to linear analysis when exam-
ining large amplitude responses associated 
with instability or extreme sea states . 
A programme at NM! on the drift forces 
on ships in regular waves could be ex-
tended to multi-body systems and used in 
conjunction with existing approximate for-
mulae for random sea forces to provide 
designers with some conception of the 
magnitude of the dynamic problem. 
A tentative conclusion on mathematical 
modelling is that moderate sea conditions 
can be modelled effectively. and the analy-
sis will be particularly useful in determining 
long-term fatigue effects on components . 
However. until such time as the mathemati-
cal models are capable of dealing with 
extreme and survival conditions model tank 
tests are likely to be the most satisfactory 
method of providing design data . 
Tank model testing 
Tank testing has been a vital component in 
the development carried out by the device 
teams . Until recently most of this work has 
concentrated on the hydrodynamic perfor-
mance of the converter models and the 
moorings have been artificial in the sense 
that the models have been either fixed 
rigidly or restrained by moorings of arbitrary 
stiffness . 
Testing which is designed to determine 
the mooring forces is now under way. al-
though the emphasis differs in each of the 
device teams . The Cockerell raft system has 
special problems which arise from the pro-
posal to use mooring lines to separate and 
control adjacent raft units : there will be 
therefore a dynamic interaction between 
these units in addition to the interaction 
with the seabed moorings . One unresolved 
question on all floating converters is 
whether each unit should ·weather vane · 
the seas or whether it should be moored 
with a minimum alignment capability . The 
latter would reduce the problem of orienting 
the power cables between the converters 
and the sea floor. but many interrelated 
factors will have to be considered before 
final decisions are made on this point . 
Preliminary predictions of full-scale . mean 
mooring forces from model tests have 
ranged from 1 to 2 tonf / m in the case of 
the Salter duck string to up to 1 0 tonf / m 
for the Oscillating Water Column and the 
Cockerell raft . 
Ideally the force on the converter should 
not increase in proportion to an increasing 
sea state . There is evidence to suggest that 
this situation may be achieved by a duck if 
it is allowed to flip on its back in response 
to the largest waves . The other teams have 
also recognised this ideal and will be work-
ing on methods to keep mooring forces to a 
minimum in extreme conditions . 
It is regarded as of the utmost impor-
tance that tank testing methods used are 
representative of real sea states-a defini-
tion that has yet to be finalised-and that 
known non-linearities in the behaviour of 
bodies in wave systems and in response to 
mooring dynamics are modelled correctly . 
Component integrity 
To ensure both the initial and long-term 
integrity of large-scale wave energy conver-
ters at sea . it is visualised that extensive 
land-based component testing under simu-
lated loading would need to be carried out . 
This could range from relatively straightfor-
ward fatigue testing of man-made fibre 
ropes for example (already under way at 
small scale) to complex multi-directional fa-
tigue loading of a structure connecting the 
cable to the converter. 
Accurate and extensive surveying of the 
sea floor at the chosen locations will be 
necessary to ensure the correct choice of 
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anchor. Whilst it is not thought that there 
will be insurmountable technical problems 
in providing anchorages. research and de-
velopment may be needed to prove anchors 
at the large sizes envisaged. 
To ensure their ultimate integrity. the first 
large-scale converters to go into real sea 
conditions are like ly to be moored con-
ventionally--or unconventionally-by over-
designed mooring systems making use of 
second or even third stage fall-back systems 
wherever possible . The limit to this ap-
proach of cou rse is the need to allow the 
converter to behave in a · normal' manner 
during all modes of operation. 
Based upon the present procedures laid 
down by the certifying authorities. annual 
and quinquennial inspections would involve 
the considerable use of techniques such as 
underwater television and the deployment 
of div~rs. Samples of the mooring system 
would have to be recovered for inspection 
on shore every five years or so. Much 
further work will be necessary to determine 
the extent to which inspection and mainte-
nance can be reduced--especially the ex-
tensive use of divers. However. in the early 
stages of the programme. including proto-
type testing . inspection will need to be at 
frequent intervals until information on typi-
cal wear and degradation is built up and 
hence an optimisation of capital and main-
tenance costs achieved . Full monitoring of 
mooring loads. device involvement and en-
vironmental forces with mooring designs 
evolved during the R and D period should 
permit the design of safe and economic 
moorings . 
5.4 Concluding remarks 
Jn summary. the development of wave en-
ergy converters can proceed unhindered for 
several years using over-designed mooring 
systems based on existing knowledge to 
ensure adequate reliability of the models or 
prototypes under test in the open sea. 
However. the ultimate feasibility. technical 
and economic. of all designs of floating 
converter will depend upon extensive further 
work of which a first outline is given above : 
the present state of mooring technology is 
inadequate . Obviously any design of conver-
ter which involves building upon the 
seabed. such as the Rectifier. can eliminate 
the mooring problems completely . but may 






6 Energy conversion and transmission 
The engineering development of the various 
designs of converter by the Device Teams 
has been supported by general work in the 
area of energy conversion and transmission 
sponsored and coordinated by Technical 
Advisory Group 6 of the Wave Energy 
Steering Committee (see Append ix 3) . Be-
fore discussing that work it will be illuminat-
ing by way of introduction to consider the 
characteristics of waves as the energy 
source. building upon the basic material in 
Chapter 2. 
The waves of principal interest are char-
acterised by random heights distributed 
over a range of frequencies of the order of 
0. 1 Hz: a typical spectrum is shown in Fig 
6 . 1 (a) . Wave energy converters will respond 
to these waves with an efficiency which 
varies with frequency . as illustrated in Fig 
6 . 2. and which is determined largely by the 
characteristics of the applied load . An ideal 
load for most designs of converter would be 
one which generates forces proportional to 
the velocity of the converter motion (a 
' linear' system) ; a typical converter re-
sponse with such a load is shown in Fig 
6 . 1 (b) and the power associated with this 
response is detailed in Fig 6.1 (c) . 
It becomes immediately obvious that: 
-the energy conversion system must be 
able to handle large short-term varia-
tions in the instantaneous power level 
-the peak power level can be many 
times greater than the average power 
level 
-the primary power output is not in a 
form that can be handled conveni-
ently . 
Superimposed upon the short-term variation 
of the available power are longer term ef-
fects resulting from day-to-day variations in 
the sea state and seasonal variations in 
weather patterns. The seasonal cycle at 
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Fig 6. 1 Derivation of power spectrum 
from a typical spectrum of wave heights 
(a) A typical train of waves (Pierson-Mos-
kowitz spectrum; T, = 9 s; H, = 4 m ; aver-
age power= 80 kW/m) 
(b) Angular velocity of device response 
(c) Power delivered to first-stage conversion 
system (average power in incident 
waves= 80 kW / m) 
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Fig 6 . 2 Typical efficiency variation for a 
model tested in a narrow laboratory tank 
average power available of :::: 1 80 kW / m in 
the winter and ::::30 kW / m in the summer. 
The implications of these variations for the 
electricity supply system are discussed in 
Chapter 7 . 
The randomness of the wave energy 
availability prevents the establishment of 
simple physical models for use in wave 
power studies and it is usually more conve-
nient to work in spectral and statistical 
terms. In the insets to Figs 6 .1 a and 6 . 1 b 
are representative spectral density functions 
for both the incoming waves and the result-
ing converter motion . In each case the 
distribution of elevation for the wave or the 
response velocity p(0) of the active conver-
ter element is approximately Gaussian with 
a mean of zero. The power output is propor-
tional to the velocity squared in a linear 
system and the instantaneous power is ap-
proximately as shown in the inset to Fig 
6 .1 (c) . 
Thus there are a significant number of 
occurrences where the power output is 
much greater than the mean and . if the 
power take-off equipment is not to be rated 
for excessive power levels. some proportion 
of the available power has to be shed in a 
controlled fashion. 
The manner in which this shedding is 
achieved depends upon the particular de-
sign of converter and the method of con-
trol. Where it is possible to continue to 
generate at the design peak even when it is 
. exceeded . the overall conversion is as 
. shown in Fig 6 .3. curve (a) . Some protec-
tion methods. a slipping clutch for example. 
may cause the output to fall to zero in 
overload conditions with a consequent 
lower overall efficiency. In practice a con-
verter will exhibit variations in conversion 
efficiency over the whole range of applied 
49 
1·0 







:, -0 :, 
0 
C 





Peak input power in a sea 
Raled input power 
(bl 
Fig 6. 3 Effect of peak equipment rating 
on the delivered power 
velocity /power levels . This is illustrated in 
Fig 6 . 4 for a system with an efficiency 
curve which peaks at some intermediate 
power rating and is low at relatively low 
power levels . The overall conversion effici-
ency of this system as a function of peak 
rating of the conversion equipment is as 
curve (b) in Fig 6 .3 . 
From the foregoing it is clear that the 
precise characteristics of the power conver-
sion equipment. and the associated control 
and protection arrangement. have a marked 
effect on the power conversion capability . 
Furthermore . such considerations are an 
important contribution to controlling the 
range of power levels which the bulk trans-
mission system has to handle . In this re-
spect it is desirable both from a transmis-
sion and utilisation point of view for the 
short and medium time scale variations in 
the output power of the converters to be 
kept to a minimum . 
This . to some extent. may be achieved by 
the interconnection of several converters 
into large integral units. which in any case 
is essential for bulk ( > 1 00 MW) transmis-
sion of the energy. Here the diversity of the 
individual converter outputs . resulting from 
the directional properties of the waves. 
leads to a smoothing effect when they are 
combined . The degree of smoothing is a 
function of the overall dimensions of the 
integrated unit when compared with the 
wave- and crest-lengths of the wave spec-
tra. Where any envisaged arrangement of 
converters does not provide an adequately 





















Fig 6 .4 Interaction of the conversion characteristic and the power extracted by the 
device 
Duck 












Electrical Cable Electricity 
Chemical supply 
i-- Thermal ~ Pipeline ,-- Chemicals 
Hydraulic Tanker Fuel 
CONVERSION TO TRANSMISSION UTILISATION 
TRANSMISSION 
MEDIUM 
TO SHORE OF ENERGY 
Fig 6 . 5 Basic flow diagram 
include some form of short term storage 
within the energy conversion system (see 
also Chapter 7) . Since smoothing through 
diversity. or storage. results in equipment 
ratings significantly less than the peak it is 
important that it shou ld be achieved as 
early in the conversion chain as possible . 
50 
6 . 1 Conversion and transmission sys-
tems 
The basic flow diagram detailing the essen-
tial elements of the energy conversion and 
transmission system is shown in Fig 6 . 5 . 
and a more detailed display of the wide 
range of systems to be analysed and 
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Fig 6 . 6 Conceptual conversion and transmission systems 
choices to be made is given in Fig 6 .6. 
The primary output of each converter is 
quite different but can be characterised in 
one of three basic categories . Designs such 
as the Duck or the Raft . in which power is 
derived from the relative motion of large 
solid structures. are characterised by a low 
velocity-high torque primary power take-oft 
system . Such a system normally has to be 
interfaced with a secondary energy conver-
sion system before the energy can be util-
ised . 
Oscillating Water Column designs operate 
basically in a similar manner but one of the 
st ructures is replaced by a water column 
which acts as a large reciprocating piston 
delivering air to an air turbine. In this case. 
direct conversion is relatively straightforward 
although the characteristics of the fluctuat-
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ing air flow are somewhat unusual. 
A third primary power take-oft option 
forms an integral part of the Rectifier . This 
utilises two reservoirs and a system of gates 
by means of which waves charge a high 
level reservoir and empty a low level reser-
voir on alternate halt cycles . Power is gen-
erated by a low-head water turbine posi-
tioned between the two reservoirs . 
Although the primary power outputs are 
seen to be device-specific . there are several 
possibilities for the later stages of conver-
sion and transmission which are common 
to each . Here the energy carrier can be : 
---electricity ; 
-pressurised fluid ; 
--chemicals; 
-heat . 
These energy carriers could be transmitted 
to shore either by a cable . in the case of 
electricity. or by pipeline (and / or possibly 
tanker ships) for the other options . 
Since the primary take-off is device-
specific whereas the subsequent transmis-
sion is of a more general nature . it is 
convenient to treat these as separate sub-
systems. 
6 .2 Primary power take-off 
Duck and Raft designs 
A mechanical connection between the de-
vice and the first stage converter is thought 
to be essential. Such a connection needs to 
be able to transmit the peak torques of a 
device over long periods with reversing 
loads in a marine environment . For ex-
ample . a raft transferring 1 00 kW / m at 
one hinge has a torque loading of 1 MNm 
per metre width of device . Wide variations 
in device velocity have also to be accommo-
dated. 
The main options for this type of duty are 
chains. belts . friction drives including tyres. 
gears and crank and connecting rod assem-
blies . 'Order of magnitude ' capabilities of 
these options are listed below : 
Cranks / connecting rod 





per m width of device 
3 MNm 
0 .7 MNm 
07 MNm 
0 .1 MNm 
0 .01 MNm 
Small 
Cranks and connecting rods are seen to be 
capable of transferring the torque but re-
quire most of the available width of the 
device . Pressure lubricated journal bearings 
are suitable for the crank pin with rolling 
element bearings being a possible alterna-
tive . Gear drives are also capable of trans-
mitting the required torque in both the 
Duck and the Raft. although there must be 
an emphasis on good design which in-
cludes not only the gear form but also close 
tolerances on gear spacing and the need 
for a good lubrication system. In this con-
text. sea-water lubricated gears with a sig-
nificant working life are not thought to be 
an economical proposition . 
Probably the simplest conceptua l con-
version scheme for use on wave energy 
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devices is a directly-coupled electrical gen-
erator . Generation at the device speed is 
not possible. however. and some form of 
speed-increasing system becomes neces-
sary. Such an arrangement requires the 
electrical machine to be capable of meeting 
an onerous overspeed requirement . thus 
restricting the size of the machines to 
~, 00 kW/ pinion . Although large numbers 
of small machines offer the prospect of 
greater plant availability . their outputs are 
more difficult to combine for bulk transmis-
sion . Direct coupling of electrical machines 
is also likely to impose large inertial loads 
on the mechanism and backlash becomes a 
major consideration. For these reasons di-
rect generation is not considered a feasible 
proposition . 
Alternative options for use as the primary 
load for the Duck and Raft are low speed 
hydraulic systems . The mechanical coupling 
of hydraulic rams to each of these devices 
is feasible with both cam or crank arrange-
ments provided a sufficient number of rams 
is installed to share the load . Hydraulic 
rams are particularly suited to a marine 
environment because of their simplicity and 
ability to handle a low speed reciprocating 
input . Further advantages arise because of 
their known reliability and the ease with 
which several ram outputs can be com-
bined at a central storage / conversion point 
removed from the sea environment. Hydrau-
lic storage allows some smoothing of the 
power input to the second stage conversion 
arrangement. and the hydraulic interface 
can be used for control purposes to provide 
an optimised load characteristic to the de-
vice . In this instance control can be exer-
cised by varying the number of rams in 
circuit as a function of the state of the sea . 
Several small rams properly matched in 
number to the immediate sea state can give 
a substantial improvement in overall conver-
sion efficiency compared with a single large 
ram . 
As with the mechanical option. hydraulic 
speed-increasing systems are possible. A 
pump/ motor combination is capable of 
speed variation over a wide range limited 
only by the availability of suitable motors 
and pumps . The hydraulic approach is less 
efficient than would be tolerable in a gear 
designed for a long low-maintenance life . 
but the difference may not be significant . 
Importantly. both gearing and directly cou-
pled hydraulic speed-changing will give rise 
to a motion at the output which ranges 
from full speed to zero in each wave period 
and will transmit the fi nal generator load 
characteristics back to the device without 
modification . The hydraulic approach would 
in general give rise to a unidirectional motor 
drive and be more amenable to large speed 
increases. both of which could prove to be 
advantageous. 
It is therefore not surprising that hydrau-
lic equipment forms some part of the pri-
mary conversion function of the favoured 
systems wh ich have evolved for the Duck 
and the Raft . One of t he primary power 
take-off systems currently under considera-
tion for the Raft in mid-197 8 was a gear 
drive with some speed increase to a 
cranked ram arrangement . The working fluid 
would be filte red seawater pumped through 





















draulic main . incorporating some accumula-
tor storage. to a reaction turbine in the 
base of the centre raft. In general. such a 
system would be expected to avoid the 
cavitation problems associated with higher 
flow velocities but further study of cavitation 
and corrosion effects will be necessary for 
wave power devices utilising sea water . 
Thinking in the Device Team in 1978 on 
the primary power take-off for the Duck 
involved either a geared or belt drive ar-
rangement connected to hydraulic pumps 
feeding a closed circuit . high pressure oil 
main . Several second stage conversion op-
tions could be incorporated in such an 
arrangement and the favoured options were 
directly driven hydraulic turbines or a pres-
sure exchange unit converting the oil flow 




































Turbine flow characteristic , <I> I 4> * 




where Q(O) = instantaneous air turbine flow rate 
w, = angular frequency of turbine shaft 
D = diameter of impeller 
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Oscillating Water Column design 
The overall conversion concept . involving a 
fluctuating air flow through an air turbine is 
simpler and is closer to final defin ition than 
those for the Duck and the Raft . The major 
area for quantification lies in the interaction 
between the fluctuating air flow and the 
turbine / generator characteristics . 
The efficiency of the total power conver-
sion . sea-wave to electrical energy. depends 
on the device efficiency. turbine efficiency 
and generator efficiency. The device effi-
ciency is determined essentially by the load-
ing characteristic reflected into the device. 
while the turbine efficiency is determined by 
the specific turbine characteristic . the effi -
ciency of the air flow rectificat ion arrange-
ment. energy storage and generator control 
philosophy adopted for the defined sea-
state . For example. the behaviour of conver-
sion systems with two different turbine 
characteristi cs as detailed in Fig 6 . 7 can be 
simulated for particular sea conditions. to 
assess the effect of various generator inertia 
constants . Inertial energy storage is essen-
tial for smoothing the large fluctuations in 
available power. and for any given set of 
conditions there exists an optimum inertia 
such that it is large enough to avoid re-
peated instances where the turbine / genera-
tor unit might overspeed and yet not so 
large that the inability to accelerate results 
in an excessive loss of turbine efficiency . 
The simulation for the two different iner-
tias is shown in Figs 6 .8 and 6 .9 for an 
idealised monochromatic sea with a wave 
gust . The large increase in air flow rate 
produced by the wave gust (Fig 6. Sc) is 
seen to increase the speed of the turbine 
with the wide bandwidth (Fig 6 .8a) so that 
it is able to maintain full output power. 
whilst the speed of the turbine with the 
narrow bandwidth characteristic falls away 
rapidly. 
During the subsequent low wave period . 
energy is extracted at similar efficiencies for 
both inertia cases but with H = 5s (the 
inertial time constant) the electrical power 
at t imes drops to zero as there is neither 
enough stored energy nor converted energy 
to feed the demand . With H = 1 5s. al-
though there is a substantial drop in electri -
cal output power. the energy stored in the 
inertia from the previous monochromatic 
period is sufficient to supply a reduced 
electrical output . In the ensuing monochro-
matic period the turbine again gradually 
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settles into its 'steady ' operating regime in 
a time dependent on inertia . with the small-
er inertia machine exhibiting the most rapid 
response . 
Thus. in cases where the turbine charac-
teristic exhibits a narrow bandwidth . in or-
der to maintain acceptable turbine conver-
sion efficiency over a large range of flows 
low inertia and a large speed variation are 
required which may itself invoke the over-
speed criterion (or create mechanical de-
sign problems in the turbine) and / or pro-
duce power outputs with large variations 
depending on the generating characteristi c 
selected . For operation in low waves during 
the gusting period it is advantageous to 
have substantial stored energy capacity to 
prevent large dips in output power. In this 
respect the higher operational inertias al-
lowed by a wide bandwidth characteristic 
are preferred . 
Obviously studies of this nature have to 
be extended to real sea conditions but the 
above simulation does provide an insight 
into the factors which influence this conver-
sion opt ion . A further consideration involves 
the choice between a conventional uni-flow 
air turbine and a self-rectifying turbine 
which does not require air flow rectifying 
arrangements. At least two self-rectifying air 
turbine concepts exist and appear promis-
ing but significant research and develop-
ment will be necessary before the attraction 
of increased reliability . and possibly effi-
ciency, as a result of dispensing with air 
flow rectification equipment outweighs the 
known efficiency and almost linear head-
flow load characteristic of a radial inflow 
turbine . 
Rectifier design 
One device which does contain substantial 
inbuilt storage is the Rectifier. The primary 
power take-off system is a low-head turbine . 
The expected head is 1 - 3 m and this is 
somewhat lower than normally encountered 
during water turbine usage but is not so far 
removed as to present insuperable prob-
lems. The Rectifier can also be a seabed-
mounted device and as such will probably 
be located closer in to shore than the other 
devices . This factor. together with the in-
built storage of the Rectifier offers the pros-
pect of synchronously coupling the output 
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Fig 6 . g Variation of electrical power output (and terminal voltage) 
Current = 1 per unit (narrow bandwidth characteristics) 
6.3 Conversion and transmission 
Electrical option 
The basic philosophy of any electrical con-
version and transmission system would be 
to group progressively the outputs from the 
wave energy converters into a main high 
voltage transmission cable. Since the cost 
of transmission reduces as the voltage is 
increased . it is economically advantageous 
to achieve the maximum grouping as early 
as possible in the transmission chain. Th is 
also has the advantage that a minimum of 
the transmission system need be rated for 
peaks . 
In most _ cases. however. the wave energy 
converte r 1s not a stable structure at a fixed 
position in space . and any power take-off 
must be via a flexible cable. At the present 
time the upper limit based on insulation for 
flexible cabling is 22 kV. and the maximum 
rating of the order of 1 0 MW is too small 
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to take the average power from an array of 
suff1c1ent dimension to give a smooth out-
put : except when substantial hydraulic 
smoothing or averaging is provided the 
cable rating must take peaks into account. 
In the extreme. 1 0 MW would perhaps 
serve only 1 00 m of device were it not for 
the fact that transmission cable is more 
tolerant than other eq uipment of short dura-
tion overloads . Without significant develop-
ment work on cables it would not be possi-
ble . to arrange for all the equipment up to 
main transmission voltages to be mounted 
on the converter because the power could 
not subsequently be taken off . There must. 
therefore. be a large number of low power 
flexible feeders to substations on offshore 
platforms or the sea bed . 
For generation on board each converter 
unit there is a choice of either AC alterna-
tors or DC generators . DC machines can in 
principle be grouped either in series or in 
parallel. Apart from other difficulties parallel 
grouping restricts the total voltage to about 
1 kV because of commutation considera-
tions . If connected in series. DC machines 
with individual quick-response excitation 
control could provide whatever speed-
torque characteristic may be required . How-
ever. to maintain the insulation levels be-
tween armature and frame which would be 
necessary at the ends of the series string 
could be difficult if machines with brushes 
were used . Electronically commutated ma-
chines might well be feasible for this pur-
pose . These machines shade into true AC 
machines . Synchronous transmission using 
AC generators is impractical due to the 
wide variations in speed of the converter 
units in the constantly changing wave con-
ditions . (The Rectif ier is a possible excep-
tion to this .) 
The favoured system is shown schemati-
cally in Fig 6.10 . Conventional synchronous 
generators operate into individual diode rec-
tifiers . which are series connected. in order 
to minimise interaction problems . A shore 
based inverter station connects the DC to 
the national grid and operates in a constant 
current mode . Overall transmission voJtage 
is set by the summation of individual recti-
fier outputs with the constant current con-
trol at the inverter determining power trans-
fers . Consequently each generator will oper-
ate at constant armature current. varying 
voltage ; with voltage and power variations 
at individual generators being determined 
by the generator operating philosophy and 
energy storage capability . 
The scheme relies on the assumption that 
a line of devices of reasonable length . up to 
say a combined output of 200 MW. pro-
vides a substantially smooth output . and a 
negligible amount of smoothing between 
the alternator and wave energy converter 
would be required. If smoothing is found to 
be necessary it should be possible to 
achieve this by the use of flywheels on the 
alternator rotor shafts . Without field control. 
the natural torque / speed curve for the al-
ternator is not the ideal linear relationship . 
but it would be possible to achieve a very 
close approximation to the ideal charac-
teristic by controlling the excitation of the 
machine . 
Figure 6 . 1 1 shows the current state of 
the British grid network and an indication of 
the preferred general locations for siting 
wave energy stations . Wave power systems 
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located off the SW and NE coasts would be 
sufficiently close to the present grid network 
to avoid significant grid reinforcement . This 
is not the case for a wave power system 
located off the Outer Hebrides and. al-
though the first 2 GW of installed capacity 
would be absorbed to meet the increasing 
Scottish electricity demand. a major grid 
reinforcement wou ld be required to accom-
modate the wave power system if it 
reached its full potential. Even so. electrical 
conversion and transmission is recognised 
as probably the cheapest option under con-
sideration . with the major costs centred on 
the rectifier / inverter equipment and its as-
sociated housing . The electrical costs are 
not particularly sensitive to the cost of the 
high voltage DC bulk transmission cable . 
which for a system located 20 km off-shore 
represents 2-3 per cent of the total cost 
per kW of installed capacity-although the 
need to protect the cab les with trenching 
would substantially affect this. Thus the 
cost of the electrical option may not be 
affected significantly by the exact siting of 
the units or the depth of water in which 
they operate (unless sub-sea transformer/ 
rectifier units are employed). 
Hydraulic option 
The hydraulic option is a modified version of 
the electrical option with the generation 
equipment sited on shore and connected to 
the wave energy converter complex by an 
under-sea hydraulic main . The removal of 
the electrical equipment from a potentially 
hostile environment offers the benefit of 
greater reliabili ty. and the electrical inter-
connection of large shore units (:::::80 MW) 
with the grid is much simpler than in the 
·electrical · scheme . 
Two transmission fluids are possible : 
-filtered sea water ; 
-conventional hydraulic oils. 
Sea water has many attractions over oil as 
a means of transmitting power; most not-
ably it requires only one pipe circuit . Thus 
the combination of a shorter pumping dis-
tance and lower viscosity makes high pres-
sure water transmission more efficient than 
the oil alternative . An analysis of transmis-
sion efficiencies . based on a converter to 
shore transmission distance of 24 km using 
1 . 2 m diameter pipes at a pressure of 1 5 
MN / m2 is shown in Fig 6 .12 . 
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• to rise 
sharply 
By CHARLES COOK, 
Energy Correspondent 
All fuel prices are expected 
to rise sharply to enable 
nationalised industries to pay 
their way. 
But North Sea gas wiH not be 
taxed to pay :fio,r electricity, as 
has been suggested, and wHl 
keep its presen,t prke ra1lvan-
tage. 
These are ,the ma'in conrclu-
si'ons of ra confidenJIJial (l"e\liiew of 
energy policy submitted to the 
National Ee!o!nlomic Develop-
ment Council by the Secretary 
for Energy, Mr Tony Benn. 
" There dis no, ener,gy policy 
ius1tificatioin f11l\f penalisin~ gas 
:ornrnmers by adopting parlty 
wjth electricity alS the determiin-
,ng principle for gas prices," 
says the review. 
Britain must emsure th131t it ' 
1as the ability to expiand iits 
mclear power pmgramme 
,apidly towards the end of tJhlis 
:entury even thou,gb the expan-
iion may ,prove, nlot to be 
:ieeded, says the document 
Nhich may 1be published in 
nodified form Later this year as 
1 Governmelllt Green Paper for 
!onsultlaitiive PUrPoses. It exa-
:nines the ffdkely future role of 
~ach of the oo,untry's energy 
,ources, includ!in1g the so-called 
•enewable sources such as win<d 
THIS SPORTING 
former England er 
MP 
and wave power. MPs will heaJ . 
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1ty of tllese rein1ewable sources redundancies iJ · 
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Britain's to1tal energy needs postponed for a -
makes it nece'Ssary for tlhe coun- The issue will 
try to retrain and develop its the House of ,. 
nuclear capability, ltlhe report Fred Willey, MI 
concludes. If current research land North, whe 
and development on rene1Wiabrr1e employees are 
sources prov·es satisfactory, and jobs, has secur 
electricity demiaml remai:Ths at Consolidated Fu 
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sible that we could make do _ lems. 
with a nuelear programme with Mr Willey VI 
" little or no additional capia- the 4,000 Pie 
city." announced la 
But this presumes that econ- postponed 
omic growth in Britain will re- ment takes. 
main at an unr.i•cceptJa,bly dependent r 
depressed level md the Depart- over the Pr. 
ment of Energy conclud.es that programm 
expansi,001 of the nuclear pro- change eq 
gramme ini due course will be Mr Will 
needi>rl in..tl}P rlPru 
Nevertheless the revii:ew con- seyside, 
siders that previous estimates jobs would 
ure of tw of the likely siz,ei -0f the nuclear the Plessey 
programme are excessive, and i!t 
proposes an expansion of about The red 
40,000 megawatts by the end of by Plessey, 
the century - only a t!ihi·rd of a 90-day no 
the amount of nuclear-powered as having t 
electricility generating capacity ment to fac 
originally envisaged by the which has be 
Atomic Energy AuthonL'ty. Even industry shic 
this, it says, would need" a mas- announced·11 
sive effort by the construction ago. The De 
industry." · try has been 
vene in spit · The fUJ!iUre of other energy pr"ssure; but 
dndustries is more predictab!1e,. war.t ·firm es 
The Government is now not · b 
likel'y to have to control the number of JO_. saved by reu irate at wh'ich North Sea oil is charges and 
extracted because there have for exchange e 
been so many delays in getlting A series of 
some of the fields -into produc- held this wee tion. 
opposition to t 
Instead, future exploration dancies. In S 
and production Hcences will be authority lead 
granted less frequentl(Y and in ing the North 
smaller numbers, which will velopment Cou 
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selves. 
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Fig 6 . 1 2 Hydraulic power transmission 
The 1 .2 m diameter pipes . a size which 
will soon be available for pressure up to 1 5 
MN / m2 • would need to be concreted over 
for protection and ballast but even so some 
problems may be encountered in shallow 
water ( < 50 m) due to cross currents and 
shipping . Trenching would be essential to 
give the pipe continuous support and this 
could prove difficult and expensive in re-
gions where the sea bed is mainly rock . 
Connection of the converters to a seabed 
hydraulic main would be by rigid pipework 
with a 'trombone · or articulated riser to 
compensate for heave. Limited lateral mo-
tion could be accommodated by ball-jointed 
connectors . If converter movements prove 
to be excessive . a semi-submersible struc-
ture could be used for termination of the 
hydraulic main with flexible pipework. which 
is now developed to an advanced stage . to 
the surface . Furthermore . the hydraulic 
main could be designed to act as a hydrau-
lic accumulator of very large capacity . thus 
providing a relatively smooth delivery of 
power to the shore-based conversion equip-
ment . The major disadvantage of such a 
system is the cost of manufacture and 
installation of the seabed pipeline equip-
ment . Initial estimates suggest that hydrau-
lic transmission is at least two to three 
times as costly as electrical transmission 
whilst it only . in effect. replaces the electri-
cal inverter / rectifier equipment and DC 
cable link of the electrical option . 
Chemical energy carriers 
The utilisation of wave power to produce 
chemical products . which can be transmit-
ted to shore by pipeline or tanker. offers the 
avantage of freedom in the siting of the 
converters and t he energy landing sites . 
Most chemicals can also be stored cheaply 
and easily for long periods and may there-
fore eliminate the problem of mismatch 
between the wave energy supply and the 
generating system demand which arises 
when the desired output is electricity . 
To date. all of the chemical products 
which have been considered for wave 
power systems are based on the production 
of hydrogen by the electrolysis of water . 







Ammonia is produced by the catalytic com-
bination of hydrogen- and nitrogen-using 
technology which is well established on a 
commercial scale . Apart from water. nitro-
gen is the most abundant material available 
to the wavepower-chemical complex. con-
stituting some 7 9 per cent by volume of 
the atmosphere . Ammonia is a basic feed-
stock for several large scale chemical pro-
duction processes . especially in the fertiliser 
industry. Ammonia-based fertilisers com-
prise a vital commodity in our economy. for 
which the demand is expected to almost 
double by the year 2000 . That future level 
of demand translated into wave energy 
terms would require a continuous power 
output approaching 3 GW. It is conceiv-
able . therefore . that the available wave en-
ergy could supply part or all of the basic 
energy input in the United f<ingdom for 
ammonia-based fertilisers (which at present 
is supplied by natural gas) . 
Methanol . methane and gasoline are pro-
duced by various catalytic combinations of 
hydrogen and carbon oxides although here 
it should be recognised that it may be 
impossible to deliver carbon oxides to the 
chemical complex at an economic cost . 
The electrolysis of water requires the first 
stage (medium voltage) of the electrical 
conversion option but eliminates the prob-
lems involved in the electrical series con-
nection of many converter outputs for bulk 
transmission . A possible production route 
would be to use the rectified output of 
directly-coupled AC machines to electrolyse 
water and produce hydrogen at 30 bar. 
Although an electrolyser is not a purely 
resistive load . it is possible to design a 
close approximation to velocity-proportional 
damping with a synchronous alternator/ 
electrolyser combination . which is closer to 
the believed ideal load characteristic than 
most of the other systems considered . 
The direct electrolysis of sea water is not 
a practical proposition for wave power sys-
tems and desalination on board the conver-
ter would be an essential first step . A 
schematic flow diagram for hydrogen 
production using current technology is 
shown in Fig 6 .13a. 
Advanced electrolysers of greatly im-
proved efficiency and reduced capital cost 
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Fig 6 . 1 3 Schematic flow diagram for hydrogen production 
(a) using existing technology 
(b) using advanced electrolysis techniques 
promoted by the EEC and the International 
Energy Agency. The schematic flow dia-
gram for such a system is shown in Fig 
6 . 1 3b. based on an electrolyser efficiency 
of 85 per cent . representing operation of 
the system to minimise the capital cost of 
installation . Operation of the advanced elec-
trolysers with almost 1 00 per cent efficien-
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cies should also be possible. but at an 
increased capital cost. 
Several basic configurations are possible 
for siting electrolysis and chemical plant 
and the transmission of chemicals or energy 
between them. Schematic block diagrams 
of these are shown in Fig 6 . 1 4 . They 
involve : 
... 
(a) siting the whole electrolysis/chemical 
complex at sea and transmitting the 
chemical product to shore ; 
(b) siting electrolysers at sea and trans-
mitting hydrogen to shore-based 
chemical plant ; 
(c) siting the whole electrolysis/chemical 
complex ashore and transmitting en-
ergy to it . 
Sea 
WEC ,_ 
With the whole chemical complex at sea. 
mounted on a stable platform serving sev-
eral converter arrays . the chemical products 
could be transmitted to shore either by 
undersea pipeline or tanker ships . 
The technology for laying and operating 
undersea pipelines exists and is developing 
continuously . It is being extended to deeper 
waters and more hostile conditions as the 
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need arises. as for example in the North 
Sea . The main elements of cost for a 
pipeline transmission system are : 
-materials for the pipeline . As the 
depth of water increases thicker-
walled pipes must be used to with-
stand greater hydrostatic pressure and 
the large stresses occurring during the 
laying operation ; 
-pipe laying ; 
-marine riser in the case of a surface 
installation ; 
-pipeline compressor(s) . both capital 
and power costs . 
The total pipeline transmission costs are 
therefore dependent upon distance and 
water depth . 
Transportation of liquid chemical prod-
ucts by ship is again known technology . 
even for those such as methane which 
must be transported in cryogenic vessels . 
The main costs are : 
--capital cost of ships. including on-
board storage tanks; 
-facilities for product storage at the 
chemical plant . This method of trans-
port is essentially a batch type of 
operation ; 
-ship operating costs . i.e. labour. fuel . 
maintenance. 
Total costs for this form of transmission will 
obviously depend on the distances involved . 
but will be independent of the water depth . 
If electrolysis only is performed on the 
converter (Fig 6 .14b) . hydrogen is the en-
ergy vector transmitted to shore. Hydrogen 
transmitted by undersea pipeline can be 
utilised either by a local chemical plant or 
be transmitted overland by pipeline to a 
more central location. For tankered hydro-
gen . liquefaction would take place at sea 
using a large tonnage central liquefaction 
plant. and the product would be landed at 
any port . 
When an of the chemical plant is located 
on shore. the conversion and transmission 
system is identical to the electrical option 
with simply the large overland electrical 
transmission lines replaced by underground 
pipelines or ships . 
A first estimate of the overall cost of 
producing ammonia using wave energy indi-
cates that it would be more expensive than 
using the other alternative to natural gas-
coal. However. the possibility is being kept 
under review as an insurance technology. 
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Thermal transmission option 
The conversion of wave power to thermal 
energy in the form of heated fluid is a 
feasible system which has some clear ad-
vantages . The energy conversion can be 
either a friction brake arrangement or resis-
tance heaters fed from a DC machine . the 
latter having the disadvantage of requiring 
an initial conversion to electricity . 
If a friction brake were used . it could be 
controlled to optimise the load characteris-
tic seen by the device and supply heated oil 
or water to an insulated storage vessel. 
Several such vessels would be towed to 
and from the converter array transporting 
pressurised water or high temperature oil 
with each vessel sized for. say. five days 
charge / discharge at the maximum continu-
ous rating . The whole installation has the 
advantage of simplicity and reliability al-
though the operation of such a system is 
liable to be manpower intensive and subject 
to weather-window difficulties in the winter 
months . 
The over-riding disadvantage of this op-
tion is that the energy is not available in a 
convenient form . Heated fluid could be util-
ised in three ways : 
--conversion to electricity; 
-to provide power station pre-heat ; 
--district heating schemes . 
Even at an annual load factor of 70 per 
cent the thermal energy could not be con-
verted economically to electricity by vapour 
turbines and the overall conversion effi-
ciency would probably be no more than 3 
per cent. Similarly, the provision of power 
station pre-heat is also difficult to justify 
economically and . as in the case of district 
heating schemes. the preferred sites for 
wave energy arrays offer a very limited 
application in any case . 
Summary 
Of the energy carriers detailed above . the 
thermal and hydraulic options appear too 
costly and inefficient to be given further 
consideration at the present time . Of the 
two remaining options. the electrical route 
is attractive because it is thought likely to 
be the cheapest of all the conversion and 
transmission routes although it does not 
provide the flexibility . with respect to loca-
tion and energy landing sites. of the chemi-
cal option . Both these al ternatives therefore 
.... 
L 
remain candidates for use in wave energy 
schemes and . although further studies may 
define more closely the likely costs and 
benefits of each scheme. the final selection 
of energy carrier might be determined sim-
ply by the desired location . 
6.4 Future studies 
There is a need for more basic work on the 
problems of primary power take-off. Consid-
eration will also be given to the design of 
bearings for use in a marine environment 
and to the design of . and materials for use 
as . seals . Studies will continue in the gen-
eral area of hydraulic components and on 
the modelling of proposed hydraulic 
schemes for converters. 
Future work on the electrical option in-
volves defining more closely the design and 
operating characteristics of the various 
technical stages within the scheme . At the 
generation end of the transmission chain 
the feasibility of operating small groups of 
alternators. or possibly induction genera-
tors . on a common local busbar needs to 
be considered . Transmission of the AC 
power from the converter to the transfor-
mer / rectifier arrangement requires a cable 
capable of withstanding continual flexing 
with a realistic fatigue life . both mechanical 
and electrical. Work to assess the suitability 
of current cable designs and materials for 
this duty is to be undertaken . 
The identification of the control problems 
of the electrical components within the 
conversion/transmission chain is another 
important field of on-going activity and this 
will be coupled closely with simulation stud-
ies of the behaviour of the various systems. 
including air and water turbine options. 
under ' real sea· conditions . Work in the 
immediate future on the chemica l carrier 
option will be confined to monitoring the 
progress of electrolyser technology and the 
development of pipeline technology within 
the North Sea industry . 
Finally . analytical work by the consulting 
engineers has pointed out that for several 
designs of converter an undesirable feature 
of the complete power chain from the 
waves to the user of electricity is the large 
number of conversion stages involved-
energy is lost at each stage and the effects 
are cumulative down the chain. This can 
affect adversely both the economics and 
the usable fraction of the total resource . 
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Whilst some aspects will be associated with 
the basic design and in particular with the 
ability of the converters to absorb energy 
from a spread of wave directions. a major 
objective of future work in this area must 
be to reduce the number of stages and to 
improve the efficiency of those which re-
main. For designs which involve an air 
turbine. there is scope for considerable 
work to optimise the matching of the tur-





7 Electricity supply system aspects of 
wave energy 
From the start of the wave energy research 
programme it has been evident that large 
structures. sometimes with complex energy 
conversion and transmission systems . are 
needed to capture and supply wave energy 
in a useful form . Consequently equipment 
capital costs will be appre:::iable and paying 
for this capital . quite apart from any run-
ning and maintenance charges. is expected 
to result in significant overall costs for the 
delivery of wave energy to consumers (as 
foreshadowed in the 1 g 7 4 report of the 
Central Policy Review Staff) . 
In the previous chapter the generation of 
electricity supplied for the national grid sys-
tem and the production of chemicals were 
identified as the most likely routes for ex-
ploiting wave energy. The present chapter 
discusses some of the questions that are 
raised if wave energy is to be exploited 
within the context of the electricity supply 
system . The more fundamental of these 
questions are : 
-what is the nature of the energy out-
put from a wave energy scheme and 
how might it be modified so that the 
best possible economic return is 
achieved? 
-what are the essential attributes of a 
wave energy scheme , as seen from the 
electricity supply viewpoint. and in what 
ways would it influence decisions to in-
stall other plant . and once constructed 
how would a wave energy system affect 
the operation of conventional plant? 
-after due allowance for the benefits 
offered by wave energy. what are the 
capital cost targets that will have to 
be met if wave power is to make an 
economic contribution to possible fu-
ture generating systems? 
--given that the future is highly uncer-
tain , how might the role of wave 
energy alter between different views of 
the future? 
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Unfortunately. there can be no firm or 
final answers to these questions at present 
for a number of reasons : there is a paucity 
of basic wave data for quantifying the char-
acteristics of the resource ; the costs and 
conversion characteristics of the designs 
currently under investigation are not well 
established ; the designs chosen for a future 
wave energy scheme may not be one of 
those currently under investigation ; and the 
future itself is uncertain . Therefore . the ap-
proach to the questions posed has been 
essentially one of clarification . and in order 
to clarify it has been necessary to make 
some assumptions. based on such evidence 
as is available . as to the possible character-
istics of a future wave energy scheme and 
the future electricity supply system . Even 
with a successful resea rch and development 
programme it is unlikely that wave energy 
could be exploited commercially on a sub-
stantiai scale much before the turn of the 
century . Thus the assumptions for the sys-
tem studies are chosen to be relevant to 
situations that could arise in the early part 
of the next century . 
The value of the system studies lies not 
so much in the strategic planning of a 
future electricity supply system-an exer-
cise that would be premature at the present 
time-but as an aid to R and D planning . 
The studies are important for defining cost 
targets . indicating how designs can be 
modifed towards an optimum . helping to 
choose between designs and indicating 
where R and D effort needs to be concen-
trated . 
7. 1 System characteristics of wave 
energy 
Before any detailed studies were undertaken 
it was clear that wave energy would differ 
from plant currently used in generating sys-
tems . The output from fossil. hydro and 
nuclear generating plant . which make up 
the present generating systems. are largely 
under the control of the operators and more 
or less energy can be supplied in response 
to changes in consumer demand . By con-
trast. wave energy output will be largely a 
function of sea-state and weather . New 
units of conventional and nuclear plant are 
installed by the electricity supply authorities 
in order to provide . at a certain supply 
security standard . sufficient capacity to 
meet forecast increases in peak demand or 
to replace plant due for retirement . It is 
uncertain whether any installed wave en-
ergy capacity would contribute towards 
peak demand . In addition to contributing 
towards peak demand , new units or plant 
which have relatively low running costs . 
Typical pattern 
of seasonal energy 
availab le from a 
Wave Energy System 
J F M A M J 
such as nuclear power. can reduce the 
need to operate other plant with higher 
running costs . such as fossil plant . and can 
thus make a financial saving to the system . 
It is envisaged that wave energy could 
contribute to a generating system in this 
way . 
In the following paragraphs the likely 
characteristics of wave energy schemes are 
examined first and then used to indicate the 
influence of wave energy on the installation 
and operation of other plant in the system . 
Using data for H, (significant wave 
height) and T, (mean zero crossing period) . 
as defined in Chapter 2 . together with 
assumed characteristics for wave energy 
device efficiency. conversion and transmis-
sion efficiency and plant availability . the 
J A s 0 N D 
Calendar Months 
Fig 7 . 1 Mean monthly wave energy supply 
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(a) Typical Output in Mid-Winter 




( b) Typical Output in Mid- Summer 
(from a device with an appropriate limit to its output) 
_________ Full Rated _________ _ 
Output 
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Fig 7 . 2 Calculated output from a wave energy device 
electrical output that might be obtained 
from a wave energy station in a real sea 
can be estimated . Figs 7 . 1 and 7 . 2 indi-
cate typical calculated monthly mean power 
levels and three-hourly mean power levels 
at a Hebridean coast location . 
Figure 7 . 1 shows the expected result 
that there is more wave energy during the 
winter months than in summer. On a mean 
monthly basis. the pattern of wave energy 
supply broadly follows the pattern of elec-
tricity demand . 
There are some advantages from having 
more energy available during the winter 
than the summer. In particular. in winter 
when average demand levels are higher. a 
greater proportion of the older and less 
efficient generating plant is operated . There-
fore on average . small or modest quantities 
of wave energy could displace more of this 
higher operating cost plant . However. al-
though the difference in efficiency between 
the smaller fossil plant and new. larger 
plants is significant at present. in the future 
it is anticipated that as the smaller plants 
are retired the difference will fall and this 
benefit will become less important . Large 
quantities of energy from renewable energy 
sources might start to displace other low 
running cost plant such as nuclear and this 
would occur most frequently when elec-
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tric ity demand levels are at their lowest in 
summer. Since displacing nuclear energy 
would bring less economic benefit to the 
system than displacing fossil fuels the 
greater availability of energy in winter has 
an advantage . 
However. considerations of monthly 
mean energy levels is only a part of the 
story. Figures 7 . 2 and 7 . 3 indicate that 
there is a more serious problem in matching 
wave energy into electricity supply systems 
over periods of hours or days . Figure 7 . 2(a) 
shows that in the winter period . wave en-
ergy output at a given location typically 
would fall from the full device output to 
lower levels at irregular intervals lasting 
from a few hours to a number of days. It is 
not unusual . even in winter. for the wave 
energy at any location to fall to negligibly 
low levels from time to time . In the summer 
period full output is sustained for relatively 
short periods and low and zero outputs 
lasting for a week or more . as shown in Fig 
7 .2(b) . are common .Figure 7 .3 attempts to 
place wave energy output in the perspective of 
a total generating system and illustrates how 
other plant. in this case fossil plant . has to 
be available to provide energy when the 
output from a wave energy scheme falls . 
The variability in wave energy supply 
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Fig 7 . 3 Wave energy contributing to electricity supply. 
Typical pattern of electricity demand in winter showing 
how wave power might contribute to meeting supply 
requirements if the rated capacity of wave power plant 
represents about 20 per cent of the total capacity 
by combining the outputs from geographi-
cally well dispersed wave power locations: 
this is illustrated in Fig 7.4 which shows 
the averaged outputs from two locations 
about 2 50 km apart at the same instants in 
time . There appears to be some statistical 
independence in the times where periods of 
calmer seas arise between geographically 
displaced locations. and analysis of a limi-
ted amount of data for pairs of locations in 
the winter period from December to Febru-
ary suggests that the averaged output falls 
to very low levels relatively infrequently and 
the probability of a zero average output 
appears to be small . It is possible therefore . 
that some modest proportion of a wave 
energy system 's output capacity could be 
relied upon to be available in winter. If 
further analysis proves this to be correct. 
wave energy might be considered to have 
some winter firm power. However. from 
such data as are available it seems unlikely 
that wave energy will have any meaningful 
firm power in summer. 
Summarising these findings it is evident 
that wave power is very different from con-
ventional plant . Its output is not control-
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lable. other than by shedding energy which 
would otherwise be available . The energy 
generated has no particular relationship 
with daily or weekly electricity demand pat-
terns . There is little certainty that full output 
would be available at times of high elec-
tricity demand . 
Optimising a wave energy system 
The variability in the output of wave energy 
can be reduced to some extent by lowering 
the rating of the conversion equipment on 
the device . Figure 7 . 5 shows the cumula-
tive output from a wave power station as a 
proportion of the year. From this diagram it 
can be seen that the penalty of lowering 
the rat ing is loss of energy. but full output 
is sustained for a greater proportion of the 
time and the mean energy output level 
increases as a proportion of the rated ca-
pacity . ie the ' load factor· of the wave 
energy output is increased . Also to be taken 
into account in balancing the value of the 
lost energy against the improvements in 
variability are the facts that : 












Fig 7 .4 Effect on variability of averaging the coincident outputs from two device 
about 250 km apart in mid-winter s 
Note: The wave energy output 1s assumed to be that from a typical device with an appropriate lim.it 
to its output . 
-the on-board equipment costs fall as 
the equipment rating is reduced ; 
-lower ratings require a lower transmis-
sion capacity-ie a lower transmission 
cost ; 
-if there is any firm power. to a first 
approximation it will be independent 
of the equipment rating and therefore 
if the rating falls the proportion of the 
rated capacity that can be considered 
firm will rise . 
Similar arguments can be applied to the 
choice of converter size since in most cases 
the larger the converter the greater the 
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energy capture but the greater the capital 
cost . 
By making assumptions about wave cli-
mate , the value of wave energy, the costs 
and performance of the converter and its 
on-board equipment. transmission costs 
and the value of firm power. it is possible to 
estimate the optimum size and rating and 
hence annual load factor for a wave energy 
scheme to achieve the best economic re-
turn. The optimum absolute size of the 
converter and its rating tends to be depen-
dent on the wave climate that is assumed . 







Power exceedance curve for 
a typical device in the Atlantic 
At a rating of 100kW/m the load 
factor would be about 20-30% 
( allowing for equipment non -
availability) 
,------ At a rating of SOkW/m the load 
factor would be about 40 - so% 
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Fig 7 . 5 Effect on load factor of reducing equipment rating 
factor is relatively independent of it. On the 
assumption that the costs of a wave energy 
scheme would be low enough for it to be 
economic in a future electricity supply sys-
tem , it is probable that an annual load 
factor of about 45 per cent would be 
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optimum (making due allowance for equip-
ment non-availability due to breakdown and 
maintenance) . As indicated earlier a well 
dispersed array of wave energy converters 
might have some winter firm power. There 


























could be credited . but for a system operat-
ing at the optimum load factor up to 25 per 
cent of the rated capacity might be counted 
as firm on the basis of the limited amount 
of data available where the benefit of the 
uncertainty is given to wave energy. It w ill 
require the analysis of more data . particular-
ly from locations closer to likely future wave 
energy station positions. before this or any 
other estimate can be considered reliable . 
7.2 System implications of the charac-
teristics 
In the preceeding sections the lack of firm 
power and the variability of wave energy 
were noted as its distinguishing features . In 
this section the influence that these charac-
teristics might have on the installation and 
operation of other plant in the system is 
briefly examined . 
Firm power 
A typical system which is made up of many 
units of conventional generating plant 
whose individual availabilities are relatively 
high but largely independent . has an ex-
pected overall availability of 85 per cent of 
the total output capacity at times of peak 
demand . It is reasonable therefore to as-
sume that the firm power of each unit is 
about 85 per cent of its output capacity . As 
noted earlier. units of conventional and 
nuclear plant are generally installed to meet 
peak electricity demand at some accepted 
security of supply standard . However. the 
f irm power that wave power can contribute 
is at best limited . Therefore installing wave 
power plant is not an alternative to install-
ing conventional or nuclear plant for meet-
ing peak demand--other plant will be re-
quired to compensate for the deficit in wave 
power's firmness . 
In a system with a substantial wave en-
ergy capacity. the fact that wave energy is 
likely to have zero summer firm power. even 
if there is some winter f irm power. could 
create some problems for the electricity 
supply industry in taking plant out of service 
for planned maintenance in the spring to 
autumn period . At present . after allowing 
for planned plant outages. the spare capa-
city available in the non-peak demand sea-
sons is not much greater than in the peak 
demand period . Therefore a falling wave 
power firm capacity in the non-peak de-
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mand season could reduce the spare ca-
pacity available at that time sufficiently to 
require some re-scheduling of planned 
maintenance . 
For these reasons the firm power benefits 
of a wave energy scheme are expected to 
be a relatively small part of its total value . 
Of far greater significance is the financial 
saving that can be made by using wave 
energy to displace the fuel that would 
otherwise be consumed in conventional 
power stations . 
In a system with a large wave energy 
contribution one technical possibility for 
providing firm power in an electricity supply 
system might be storage . Storage plant 
brings firm power to a system whether or 
not there is any wave energy. and might be 
used where it could provide for a more 
economic match between generation and 
electricity demand . The test of whether a 
system with wave energy can benefit eco-
nomically from storage is to determine the 
possible cost advantage from adding suc-
cessive units of storage to a generating 
system in which wave energy is itself eco-
nomic . and compare the outcome with the 
cost advantage of installing alternative types 
of plant . 
The most usual form of storage is 
pumped hydro-power where the charge and 
discharge cycle covers 24-hour period . 
Given the lengthy periods when there may 
be little or no wave energy it is uncertain at 
present how much value daily cycle storage 
would have. Under circumstances where 
the combination of wave energy and energy 
from other low running cost plant . such as 
nuclear. exceeds demand (a situation which 
is most likely to occur during the night 
trough in demand) then the main options 
would be to : 
-shed excess wave energy; 
-reduce the output from nuclear plant ; 
-store the excess energy for release 
during periods of higher demand . 
Storage might be the most attractive of 
these options. but only provided the circum-
stances occurred sufficiently frequently to 
justify the investment in storage plant . Stor-
age plant with longer charge / discharge 
cycles covering several days would match 
better with the characteristics of wave en-
ergy supply and might therefore yield some-
what higher benefits to a system with wave 
power. but the cost of this storage is likely 
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to be substantially greater than for daily 
cycle storage and whether or not there 
could be a net benefit is less certain . 
Therefore . although storage might be used 
to compensate for some part of the lack of 
firmness exhibited by wave energy 
schemes . it seems likely that unless some 
form of low cost storage can be developed 
most of the firm power deficit will be de-
rived more economically from other conven-
tional types of plant . 
Variability of wave energy 
From the viewpoint of the generating sys-
tem the important timescales for considering 
energy variability are (i) seconds to min_utes. 
(ii) minutes to hours and (iii) longer periods. 
Variability over periods longer than about _a 
day can be accommodated with littie a_dd1-
tional economic penalty to the generating 
system . Allowing for this variability is essen-
tially a matter of ensuring that adequate 
firm power is available to meet demands . 
and the penalties involved in this . as far as 
wave energy is concerned . have been cov-
ered in the preceeding discussions . 
Variability over seconds to minutes. Fluctu-
ations on the seconds to minutes timescale 
occur within the system at present as the 
result of unpredictable changes in demand 
and failures in generating plant . These fluc-
tuations would cause the supply frequency 
to change significantly (outside accepted 
limits) if they were uncorrected . The neces-
sary correction is usually provided by ther-
mal plant operating below full output which 
can respond rapidly to changes in the sys-
tem frequency . When completed the 
pumped hydro plant at Dinorwic. with its 
fast response time. will also make a valu-
able contribut ion to t he regu lation of sys-
tem frequency . Wave energy might increase 
these seconds to minutes fluctuations and 
would therefore increase the requirement 
for frequency regulation capacity . with 
some modest consequential economic pen-
alty . However. it is also possible that output 
smoothing in the form of on-board hydraulic 
systems (see Chapter 6) could reduce the 
fluctuations created by the wave energy 
scheme to a negligible level. Some designs. 
such as the Rectifier. have substant ial in-
built storage which would afford a high 
level of protection against short-term output 
fluctuations . 
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Variability over minutes to hours. Any sig-
nificant variability on the minutes to hours 
timescale from a wave energy scheme 
would increase the need for flexibility in the 
operation of the remaining plant if a match 
between generation and electricity demand 
is to be maintained. It is not practical to 
start-up and shut down large thermal plants 
for periods less than about 6- 1 0 hours and 
even this involves a substantial reduction in 
thermal efficiency. Therefore . accommodat-
ing fluctuations within this timescale will 
involve operating plant on part-load . and 
this is again relatively inefficient. To the 
extent that the output from wave energy 
can be forecast accurately a number of 
hours ahead. the amount of plant that 
would have to be on part-load at any time 
could be kept to a minimum . Making some 
very broad assumptions about wave energy 
system characteristics over minutes to 
hours. it is possible that where wave energy 
represents only a few percentage points of 
installed system capacity it would have no 
more than a small effect on system control 
requirements and consequently the eco-
nomic penalty would be small. As the in-
stalled capacity increases above about 5 
per cent. the economic penalty ass_ocia_ted 
with the greater demands for flex1bil1ty in 
other plant would increase significantly . 
Above about 20 per cent of capacity . wave 
power variability could be more of a prob-_ 
lem . requiring compensating plant which 1s 
highly flexible and has a fast response . It 1s 
possible that this capability might be best 
met from pumped hydro or other storage 
plant of similar characteristics . 
7 .3 Economic assessment of wave 
energy 
In assessing the economics of wave energy 
schemes the basic approach taken has 
been to quantify the benefits which wave 
plant can contribute to a generating system 
by way of fuel savings and possibly some 
firm power. and then to calculate a target 
capital cost (measured in terms of £ / kW of 
rated output) at which a wave energy plant 
becomes an economic investment . 
Preliminary calculations to determine the 
ta rget capital cost for wave power have 
been made using the assumptions pre-
sented in Appendix 4 . Because of a lack 











tain aspects of wave energy. some of the 
assumptions had to be 'best guesses ·. 
From some of the earlier discussion it is 
evident that the interactions and interde-
pendencies between generating plants 
means that the decision on whether a parti-
cular plant will be economic has to be 
made by examining the effects that it would 
have on the system as a whole . Making 
economic assessments in this manner is a 
complex subject : it would be inappropriate 
to attempt a full coverage of the subject in 
this paper but a simplified view is presented 
for clarity . 
The basic costs of any power generation 
schemes are usually divided as follows : 
(1 ) The capital costs which includes con-
struction . interest charged on the capi-
tal expenditure incurred before genera-
tion commences and other incidental 
capital costs . It is also usual to include 
the cost of strengthening the grid trans-
mission system . 
(2) Operating costs such as maintenance 
and repair charges and fuel costs (in 
the case of wave power fuel costs are 
zero). Current estimates suggest that 
maintenance and repair charges for 
wave power systems could be signifi -
cant. ranging from 2 per cent-5 per 
cent per annum of initial plant capital 
costs . There is . however. very little evi-
dence to support any one particular 
estimate at this stage . 
The benefits offered by a power genera-
tion scheme are again divided into two 
parts : 
(1) First . a scheme may contribute firm 
power to the system . The firm power 
saves capital which would otherwise 
have to be spent on some other plant 
in order to maintain the required level 
of security of supply. 
(2) Second. the operation of a new plant in 
the system enables the output from 
some other plants which have higher 
operating costs to be reduced . This 
gives a saving to the overall operation 
of the generating system which can be 
identified mainly as a saving of fuel. 
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The savings are usually assessed over 
the life of the plant as it operates in 
merit order . The merit order of plant is 
determined by maximising the value of 
the savings less operating costs with in 
the constraint of ensuring that demands 
are met . 
Future generating systems 
Since the economics of wave energy are to 
be assessed in the context of other plant in 
the system it is essential to make some 
assumption about the balance between the 
different types of plant in the system at a 
time in the future when wave power 
schemes of a significant capacity might be 
commissioned . Given a successful research . 
development and demonstration (R . D and 
D) programme the installation of wave 
power schemes could be underway around 
the turn of the century . or early next cen-
tury . The analyses have therefore been car-
ried out with respect to systems that might 
exist at that time . In particular. two impor-
tant situations which differ in the availability 
of nuclear power are considered : 
-in the first case it is assumed that 
nuclear power is limited and . although 
there would be some nuclear plant on 
the system . at the time when wave 
energy is an option it is not possible 
to construct as much nuclear plant as 
is economic ; 
-in the second case nuclear is not 
limited and there is no restriction on 
its selection . 
In both cases it is assumed that any 
nuclear plant in the system operates at 
base load and therefore any increment of 
wave power plant would not reduce the 
load factor in any nuclear station . but 
would make savings by reducing fossil fuel 
consumption . Constraining future invest-
ments in nuclear plant so that it is always 
on base load could result in nuclear plant 
supplying less electricity than is economi-
cally optimum in the long term . but has the 
advantage of giving wave energy the best 
chance of being competitive . whilst provid-
ing a reasonable estimate for the capital 
cost targets of interest . 
Since savings of fossil fuel will be the 
principal benefit from wave energy. and a 
major benefit from nuclear power. estimates 
of future fossil fuel prices will be important 
in determining the breakdown capital costs . 
Therefore. the analyses have been carried 
out for a range of po,ssible fossil fuel prices 
that might occur around the turn of the 
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Fig 7 . 6 Target capital costs for wave energy to be economic 
Notes · · h r h 
1 . Th~ dashed line indicates the effect on breakeven capital costs of assuming t at 1rm power as 
zero value. d. t t b t th ·s should not 
2 . Calculations have been carried out on the _basis ofAa 150per cennt t d1scscoouun ntr~a~e ~oul~ reduce the 
be interpreted as having any special significance . per ce 1 . 
target cost by about a third in the case where nuclear is limited but has a much smaller effect in 
the case where nuclear is not limited . . . f 
3 . The calculations assume that fossil fuel prices double ove r a period of 50 years from the time o 
commissioning (around the turn of the century). 
4 . For other assumptions see Appendix 4 . 
7 5 
fossil fuel prices continue to rise in real 
terms. doubli ng between the turn of the 
century and 2050. 
A limited-nuclear fu ture. In the first situa-
tion. where nuclear power is a limited 
choice. wave energy will become economic 
when its capital charges are less than the 
net system operating savings. discounted 
over the life of the plant. plus any credit for 
firm power. For the pu rpose of these calcu-
lations a discount rate of 5 per cent has 
been used but this should not be inter-
preted in having any special significance . 
Figure 7 . 6 shows that the target capital 
costs rise with increasing fossil fuel prices 
but for a range of more probable fossil 
costs around the turn of the century it 
would lie between £ 1000- 1 500 / kW of 
output rating . As a sensi t ivity it is useful to 
note that increasing the discount rate to 1 0 
per cent would reduce the target capital 
costs by about one-third. 
A future where nuclear is not limited. In 
the second situation nuclear is an allowable 
choice of plant and fo r most futu re fossil 
prices of interest it w ill be a competitive 
investment option . For wave power to be 
competitive under these circumsta nces it 
would have to be as good an investment as 
nuclear plant . As might be expected the 
target costs are more onerous in this case 
for most future fossil prices . Figure 7 . 6 
suggests that capital costs might have to lie 
within the range £400-£500/ kW of out-
put rating . This result is relatively insensitive 
to the choice of discount rate. 
Value of firm power 
As a central assumption the value of firm 
power has been related to the cost of 
installing coal-fi red plant . Taking a zero 
value for firm power indicates how. in the 
limit . the breakeven costs might change if 
very cheap bulk storage were to become 
available or if security of supply were to 
become considerably less important . It is 
noticeable that even in the limiting case of 
zero valued firm power the general conclu-
sions for the wave energy cost ta rgets are 
not substantia lly altered . 
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7 .4 Future role of wave energy 
The future role of wave energy is linked 
inextricably with its competitive position in 
relation to other generating plant and with 
the development of the markets for electri-
city. From the previous section it is evident 
that the competitive position could be in-
fluenced by whether nuclear power is a 
limited choice or not . In addition. the avail-
ability of nuclear power (or a competitive 
renewable energy source) is expected to 
have a significant effect on electricity 's mar-
ket . Thus. in a future where fossil prices 
rise substantially in real terms. the relative 
stability that nuclear power could bring to 
the cost of generating electricity is expected 
to improve the latter's competitive position . 
leading to faster rates of growth in demand 
for electricity than other fuels. If a restric-
tion on nucfear plant resulted in more fossil 
fuels being bu rned to generate electricity. 
then electricity could be less competitive 
and therefore some lower rate of growth of 
electricity markets might be anticipated . 
The effect of these two general cases on 
electricity 's future growth are illustrated in 
Fig 7 . 7. This idea can be linked with the 
analysis summarised in Fig 7 . 6 to derive 
some qualitative implications for the future 
role of wave power. 
If the capital costs were to lie in range 
· A ' of Fig 7 . 6 . so that wave power were 
competitive with nuclear. t he arguments 
pertinent to the growth in nuclear electricity 
are largely relevant to wave energy . In these 
circumstances a successful R. D and D 
programme and adequate and timely invest-
ments could provide an alternative to some 
nuclear power or an insurance against a 
future nuclear disappointment to the extent 
that the potential for wave energy is ade-
quate. Because the electricity generated by 
wave energy would be a highly competitive 
fuel there might be opportunities for sales 
into markets such as space and water heat-
ing where user storage could be installed to 
match the characteristics of the supply. 
These sales would be analogues to the off-
peak electricity that is expected to be avail-
able from nuclear plant in the future . 
If capital costs lie in range ·s· of Fig 7 .6 . 
then wave power would be confined to 
replacing the electricity that would other-
w ise have been generated from fossil fuels . 
as illustrated in Fig 7 . 7 . Therefore the role 
of wave power wou ld be more limited and 
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competitive fossil-generated electricity could 
be in energy markets of the future . The 
potential for selling wave power into the 
discounted price off-peak or interruptible 
markets. such as space and water heating . 
might be more limited in this case because 
of its higher cost . It could be more eco-
nomic to ensure that the variability intro-
duced by wave energy is fully compensated 
by alternative plant so that the output can 
be sold into the more valuable undis-
counted markets . 
Finally. wave energy capital costs might 
lie in range ·c· of Fig 7 .6 . In this region 
there is no cost argument for exploiting 
wave energy, provided only that sufficient 
fossil fuels are available to meet the postu-
lated demand . If they were not. fossil fuel 
prices would rise even further and region 
'B' would be expanded . 
Preliminary cost estimates for wave energy 
power stations 
As noted in earlier chapters the consulting 
engineers, in collaboration with the Device 
Teams, have prepared preliminary reference 
designs of those converter concepts for 
which appropriate data exist and have ar-
rived at tentative costs . The reference de-
signs have been sized at wave power sta-
tions with an installed generating capacity 
of 2000 MW. The results show that in the 
light of present knowledge and the early 
stage of engineering development, the pre-
dieted capital costs lie in region ·c· of Fig 
7 . 6 : wave energy, on these designs , would 
be uncompetitive with either nuclear or 
fossil generating stations in the future . 
Preliminary attempts at costing can serve 
three valuable purposes : 
-to give guidance in the formulation of 
energy policy: 
• wave power cannot yet be included 
as a firm element in policy; 
-to assist the choice between the vari-
ous design concepts : 
• the costing calculations are not yet 
sufficiently well founded to permit a 
clear choice; 
-to highlight areas of R and D to which 
priority attention should be given in 
order to establish beyond doubt 
whether or not wave energy can ever 
be competitive with the other means 
of producing electricity. 
In this third respect considerable progress 
has been made . A breakdown of the pre-
dicted costs in terms of percentage of the 
total is shown in Table 7 . 1 . It is apparent 
that the critical cost centres are different for 
each design . 
Whilst it is disappointing that at present 
the predicted costs suggest that wave 
power would not be economic, it must be 
pointed out that the figures are still prelimi-
nary and based upon a range of assump-
tions that have yet to be substantiated 
through the accumulation of appropriate 
Table 7. 1 Distribution of capital costs for various converter designs (all figures 
are percentages for each converter) (2000 MW installed capacity) 
Rectifier Oscillating Raft Duck Flexible 
Water Column Bag 
(NEL) 
Construct concrete 41 35 
units 
16 29 25 
Structural steel 5 1 25 12 1 
Mechanical 9 2 16 34 18 
components to 
power take-off 
Turbines and 22 11 
electrical 
12 3 11 
Tow to site 10 3 3 2 3 
Moorings 31 11 4 7 
Power collection 3 7 7 6 23 
and transmission 
Sundries and 10 10 10 10 12 
contingencies 
100 100 100 100 100 
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design data . In addition . there are a num-
ber of uncertainties within the assumptions 
used to establish the various target capital 
costs in Fig 7.6 . although in many cases 
reducing these uncertainties is more likely 
to increase the stringency of the cost tar-
gets rather than relax them . There are a 
number of potentially optimistic avenues to 
be explored , which may well improve the 
competitive outlook for wave power, and 
the main value of the preliminary costing 
exercise has been to point the way into the 
immediate future of the R and D pro-
gramme . 
The size of the potential contribution of 
wave power is sufficiently large that at this 
stage it is worth considering as an insur-
ance against the consequences of failure of 
one of our existing supplies . 
Finally it should be noted that although 
wave energy converters would be massive 
structures and a substantial installation pro-
gramme would create a large demand for 
the main constructional materials of cement 
and steel (greater than the rate required to 
build the largest North Sea oil platforms. 
and over a more prolonged period) the 
demands for these materials would be 
within the present capacity of industry and 
major new investments in them would not 










8 Environmental and social aspects 
Any human activity causes some distur-
bance to the environment and this may 
spread beyond the site directly affected . 
Impacts vary from very trivial or localised 
events. which may be scarcely detected . to 
major ecological change resulting in the 
replacement of one type of ecosystem by 
another. Whether the effects are considered 
to be beneficial or deleterious. and whether 
the latter are tolerable (taking all factors 
into account) is a matter for careful debate 
and judgement in each individual case . 
Moreover. there can often be competition 
between various forms of commercial activ-
ity which depend upon different features of 
the same environment . The technology of 
wave power has not yet reached such a 
state of detailed knowledge to allow firm 
conclusions to be drawn . However. the 
possible environmental interactions have 
been analysed in general terms during the 
two-year programme so as to provide guid-
ance on more specific areas of knowledge 
which will need to be investigated before 
the installation of wave power stations on a 
large scale is commissioned . Because we 
are concerned with natural phenomena . 
some of these investigations may take many 
years to complete . However. in the mean-
time . no environmental effect has emerged 
which would raise major doubts about the 
ultimate acceptability of floating wave gen-
erating stations . 
In addition to the environmental effects. 
some attention has been paid also to some 
possible social consequences . Because 
some of the most favourable wave sites in 
the UK are situated adjacent to sparsely 
populated areas. the social impact of the 
local availability of large amounts of com-
petitively-priced power could be profound. 
A Technical Advisory Group of the Wave 
Energy Steering Committee has been carry-
ing out a preliminary examination of these 
matters (Appendix 3) . A full environmental 
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impact analysis will be possible only when a 
specific design of wave power generating 
station and specific installation sites have 
been chosen . On the other hand . it is not 
very helpful to deal entirely in generalities . 
The Technical Advisory Group decided . 
therefore. to devote most of its attention 
initially to the area of potential locations off 
the Outer Hebrides (Fig 8 . 1) . If wave power 
is to make a substantial contribution to UK 
energy supplies. many generating stations 
must be located in this area since it has the 
highest wave energy availability . Therefore a 
detailed study of the area will be needed 
eventually , but in the meantime a general 
survey can show up the principles involved 
which could then be applied elsewhere if it 
were decided that a prototype or commer-
cial demonstration plant should be built in 
one of the other possible areas shown in 
Fig 2 .15 . 
Table 8 .1 illustrates in matrix form the 
major interactions which will require analy-
sis in due course . So far. attention has 
been directed in most detail at the effects 
of the wave energy converters themselves . 
The associated shore installations and 
power transmission lines. and shore-based 
activities concerned with construction and 
maintenance . will also be important but 
raise no new matters of principle which 
have not been faced in dealing with other 
types of power station . 
The conclusions from the work done so 
far are presented below in four main sec-
tions : 
-the possible effects of the converters 
on the local shore-l ine. through 
changes in the wave climate ; 
-the possible effects on fisheries . some 
of which may arise through changes 
in the tidal regime ; 
-the navigation of shipping ; 
-the social / economic development of 
the local communit ies . 
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Fig 8 . 1 Principal area studied in the preliminary review: between the 10-50 km lines 
off the Outer Hebrides 
81 
Table 8. 1 Interactions of wave power installations with other natural and human 
activities 
Marine ecosystems 
Coastal ecological . 
geological and physio-
graphic features 




























The dots indicate the major interactions which require analysis 
Some important reverse effects-the influ-
ence of the marine environment on the 
wave energy converters-were discussed in 
Chapter 4 . 
8. 1 Wave climate and the shore line 
The very nature of wave energy converters 
is to extract some of the energy from the 
waves over a part of the total wave spec-
trum : exactly how much and the band 
width over which they will operate will 
depend upon the particular design adopted . 
The designer of the converter is concerned 
primarily with the amount of energy which 
it will extract. the environmentalist will be 
concerned with the amount which contin-
ues to be transmitted by the waves because 
it is that which may influence the physio-
graphy and ecology of the neighbouring 
shore-line . 
A first analysis of the effect of converters 
on the wave climate has been made at the 
Hydraulics Research Station (HRS) . The 
analysis has to compound a number of 
separate effects (see. for instance . Fig . 
8 .2) : 
-the height. direction and frequency of 
waves transmitted beyond the conver-
ters towards the shore ; 
--diffraction effects for waves filtering 
through the gaps between converters ; 
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-re-injection of energy into the wave 
spectrum from the wind blowing 
between the converters and the 
shore ; 
-the bathymetry of the area . 
Mathematical models do not exist which 
can combine all these effects . For instance . 
the present theories used in the prediction 
of waves from wind data refer to an initial 
state where the sea surface is either calm 
or has a natural spectrum created by wind 
action-and not to an artificial spectrum 
such as would exist in the lee of the 
converters . 
However. simplified models were used at 
H RS in order to determine the nature and 
size of the overall problem . As an example 
one model predicted that. for converters 
assumed to be 20 m in depth operating in 
a storm characterised by a wind of 1 5 m / s 
(Force 7) blowing over a distance of 400 
km or for 24 hours. the waves would be 
changed from a significant height of 5 . 9 m 
and a mean down-crossing period of 8 .4 s 
to 4 . 6 m and 9 . 0 s respectively . The mean 
period is lengthened because the short-
period waves would be reflected by the 
converters rather than being partially ab-
sorbed and partially transmitted. 
In summary. it seems that the most 
noticeable effects of the converters on the 





Fig 8 . 2 Schematic view of a converter array 
during periods of medium wave activity 
where the combination of high reflection 
and high conversion in the converters gives 
significantly lower energy transmitted waves 
and wind action can only partly restore the 
energy in the distance between the conver-
ters and the shore . For major storms gener-
ated over longer distances or times the 
converters will have less effect since they 
are less efficient at absorbing waves of long 
period . 
In the context of this chapter. the influ-
ence of the converters on the wave climate 
is important because of the effect of the 
latter on the beaches along the neighbour-
ing shoreline. 
Most attention so far has been given to 
the western coasts of South Uist. Benbec-
ula and North Uist . since they are charac-
terised by beaches of sand or shingle. 
which are the types most likely to be influ-
enced by changes in the wave climate if 
such changes occur at all . Those in the 
area concerned appear to be in a state near 
to dynamic equilibrium. the changes from 
year to year in beach position. orientation . 
and slope being small . But the equilibrium 
over yearly cycles involves movement of 
sand in summer up the beach towards high 
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water line. where it then dries and is blown 
by winds on to the dunes or ·machair' 
hinterland. and movement in the opposite 
direction in winter . 
The small but significant effects of the 
wave energy converters on the wave cli-
mate may reduce somewhat the difference 
between the summer and winter beach 
profiles . In addition . since the steepness of 
the waves could be reduced if the conver-
ters are located less than 30 km offshore . 
there might be a net tendency for the 
beaches to accrete : the winter storms may 
well tend to cause less erosion than at 
present . 
The limited amount of accretion which 
might take place is likely to be a benefit 
because it could increase somewhat the 
supply of wind-blown shell sand to the 
machair land . thereby tending to increase 
its extent and usefulness . 
In summary. therefore. the effects of con-
verters located off the particular coasts con-
sidered are more likely to be beneficial than 
detrimental to the beaches . The same con-
clusion would not necessarily be true for 
the effects of numbers of converters located 
off . say. the coasts of Cornwall or the 






























considered in detail at a later stage if a 
serious intention emerges to locate the con-
verters at a particular geographical site . but 
in the meantime this first examination of 
the problems has highlighted the basic prin-
ciples involved and has forecast no detri-
mental effects in the Outer Hebrides area . 
One final point must be mentioned . how-
ever. In the wave energy development pro-
gramme the concept has emerged of 
mounting some types of converter. such as 
the Rectifier. fixed to the seabed and rela-
tively close inshore . The environmental con-
sequences could then become much more 
substantial but would be very dependent on 
local conditions and geography . This could 
become a major factor in deciding whether 
seabed-mounted devices are in fact feas-
ible . A preliminary survey by the Consulting 
Engineers to the Wave Energy Steering 
Committee has indicated that the coasts of 
Benbecula and North and South Uist are 
more suitable than those of Lewis and 
Harris for fixed converters . from the view-
point of the state and orientation of the 
seabed . Th is survey also revealed that a 
point of vital significance to the feasibility of 
fixed converters in these locations could be 
the fact that out to about 2 5 m depth there 
are dense forests of the seaweed Laminaria 
hyperborea . This grows to a height of two 
metres. or more . and the stipes. which are 
tough and fibrous. can achieve a diameter 
in excess of 8 cm . The fronds grow to a 
similar height and are cast annually. Fouling 
of seabed-mounted converters by such ma-
terial could be serious. and substantial addi-
tional costs may be incurred by the need to 
introduce special anti-fouling devices or to 
construct the converters beyond the 2 5 m 
depth contour . 
8.2 Possible interactions with fishery 
activities 
The importance and size of the fishing 
industry in the UK render it inevitable that 
one of the major considerations in the 
deployment of wave energy converters must 
be the possible effect on fisheries . An initial 
survey has shown that the two fish to 
which most attention should be directed in 
the area west of the Outer Hebrides are 
herring and salmon . 
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Herring 
In general . the areas of the UK coastal 
waters which are the most promising for 
wave power tend to overlap the areas 
which produce the largest catches of pe-
lagic fish (that is. those which spend the 
major part of their lives in the surface or 
mid-water layers) . Of the latter. the herring 
is the most important around the Outer 
Hebrides . These waters are believed from 
plankton and other surveys to contain some 
of the major UK spawning grounds of the 
herring at the present time. 
The spawning takes place on areas of 
clean gravel . which have not been located 
precisely and may indeed change from sea-
son to season . Soon after the spawn 
hatches. the larvae (a few mm long) rise off 
the sea bottom and . having virtually no 
propulsive power. are carried along by cur-
rents. These currents can carry the larvae 
around the north of Scotland into the North 
Sea . where they may be caught as juve-
niles . Finally . as the fish approach maturity 
they migrate back to the spawning grounds 
where they form the basis of an important 
international fishery . 
It is necessary to consider the interac-
tions of a line of wave energy converters 
with a number of different stages in this life 
cycle. Because the converters would most 
probably be aligned roughly parallel to the 
seabed contours and would be of relatively 
shallow draft . and the main tidal propaga-
tion will also lie generally along the con-
tours . it is unlikely that floating units be-
yond . say. 1 0 km from the shore will have 
any significant effect on the length or dura-
tion of the migration journey of the herring 
to the spawning ground . However. it might 
be possible for the converters to produce a 
small effect on the strength of the residual 
drift current . 
Since the larvae are spread throughout 
most of the water column. their transport 
will be unpredictable in detail and will be 
affected significantly by wind and weather-
generated currents . Whether the presence 
of wave energy converters could impose a 
noticeable overall effect on the interplay of 
all these natural forces is not known . but if 
they did then the implication would be that 
the larvae after a given elapsed time might 
find themselves a few tens of km away from 
the area in which they would otherwise 
have been . on average . Whether this mat-
ters. in terms of continuing food supply to 
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the larvae. is also unknown-it may be 
either beneficial or deleterious or might 
indeed vary with locality. 
On balance . in the very limited current 
state of knowledge . it is believed that the 
effects of wave energy converters on the 
drift of the herring larvae will be unlikely to 
have a significant influence on overall sur-
vival (natural seasonal variations in the sur-
vival of herring larvae are quite large in any 
case. and their causes are unknown) . How-
ever. further information will need to be 
sought before the installation of converters 
on a large scale on : 
-the drift currents ; 
-the behaviour of herring larvae . 
More detailed knowledge of the drift cur-
rents will also be required in connection 
with the problems of mooring (see Chapter 
5) . 
Perhaps the most important factor to 
emerge so far is that. since the herring 
spawn on the gravel areas of the seabed in 
this locality. major disturbance or removal 
of the gravel for construction purposes 
would appear to be inadvisable . 
Salmon 
Salmon migrate over long distances in mov-
ing between their feeding grounds in the 
ocean and their native rivers where they 
spawn . Salmon stocks are an important 
commercial and recreational resource : the 
value of the Scottish salmon fishery was 
estimated at over £20M in 1976 . The 
migration routes are not known in detail . 
but it is possible to infer that the area 
immediately to the west of the Outer He-
brides may intersect some of the routes . 
The pattern of movement is not simple . 
Fish tagged at Scottish sites have been 
found subsequently to the north . south . 
east and west of the point of release . 
However. there is a general impression that 
considerable numbers of salmon may move 
from the feeding grounds. for instance off 
Greenland and the Faeroes. towards the 
NW coast and thence disperse to the major 
Scottish rivers (including those on the East 
Coast) as well as those of Ireland and 
Wales. 
In the locations concerned. the salmon 
probably swim near the surface . and the 
problem arises as to whether a line of wave 
energy devices could deflect them off 
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course or whether the fish would simply 
swim through the gaps . We do not know 
enough about the salmon to be certain that 
they will be unaffected by a line of moving 
artificial objects . Moreover. the converters 
might create an environment favourable to 
large colonies of predatory birds. which 
would feed on the smolts . and of seals 
which might feed on the adult fish. The 
rapidly expanding colony of seals on the 
Monach Isles might recognise the conver-
ters as an advantageous additional habitat . 
As for the herring . whilst these possible 
interactions must be considered further in-
vestigation may well show that a serious 
problem does not exist . In addition. a major 
installation of wave energy converters sev-
eral hundred kilometres long could not take 
place in a short time but would be spread 
over many years . Experience gained with 
the early modules would be available in 
good time to take corrective action if that 
proved to be necessary . 
Demersal fish and shellfish 
Floating converters well offshore are consid-
ered unlikely to have a significant effect on 
demersal (bottom-feeding) fish such as cod . 
haddock. saithe and Norway pout . Similarly. 
no direct effect can be foreseen on the 
lobster population which has increasing 
commercial importance off the Outer He-
brides . 
Cor1verters fixed to the seabed and con-
structed close inshore may have much 
more significant effects. which might be 
both direct and indirect. and might be 
either advantageous or disadvantageous . 
The direct effect could be simply through 
the changed availability of the lobster habi-
tats on the sea bottom . whereas the indi-
rect effects could include increased hazards 
to the lobster fishing boats and pots (a 
benefit to the lobster but a disadvantage to 
the associated human commercial activi-
ties!). 
8.3 Navigation of ships 
The deployment of wave energy converters 
will present a hazard to shipping . exacer-
bated by their form-probably a very low 
free board which will render them relatively 
invisible to ships either by sight or by radar 
under most sea states . 
Except for the English Channel . detailed 
I 
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information on the pattern of shipping 
movements around the UK coasts is sparse . 
However. off the Outer Hebrides the pres-
ent shipping movements are mainly con-
cerned with the fisheries . Apart from the 
necessity to consider the influence of the 
deployment of arrays of converters on fish-
ing operations generally. the hazards to 
fishing vesse ls can be of two kinds : 
-collision . as noted above for all ves-
sels ; 
-the formation of rougher seas. of parti-
cular importance to smaller boats. 
It will be necessary to mark the positions 
of the converters with warning lights and 
radar reflectors . This will not be a trivial 
problem. since the markers may need to be 
sited at a greater distance above sea-level 
than the structure of the converters and will 
need to be relatively stable in the horizontal 
plane . Gaps in the line of converters. per-
haps 2 km wide . would probably have to be 
left as navigation channels for fishing ves-
sels and could well have to be marked to a 
higher standard than the converte rs them-
selves (eg there might need to be a light 
vessel or light and navigation buoy at each 
side of each navigational opening) . 
The requirements may turn out to be 
quite complex. but no new matters of prin-
ciple appear to be involved and the matter 
will be considered by the appropriate res-
ponsible authorities as the occasion de-
mands . 
The hazards to small boats of rougher 
seas arises from the fact that part of the 
wave spectrum will be reflected by the 
converters . The reflected waves will com-
bine in front of the converters with the 
incident waves to produce a complex pat-
tern in which there will be increased wave 
heights. standing waves and an increased 
incidence of breaking waves . This pattern 
could be quite hazardous to small boats . 
However. it is possible that this effect will 
be confined to a distance close to the 
converters and the declaration for other 
purposes of an exclusion area around the 
converters may be sufficient to cover this 
point . Moreover. there would be a counter-
balancing advantage from the fisheries 
point of view of calmer water behind the 
converters. though the exclusion area may 
have to cover this too. 
Past experience has shown that an exclu-
sion area would not entirely eliminate the 
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consequences of the hazard or the chance 
of a collision. since human nature ensures 
that commercial attractions (prospects of 
higher fish catches) sometimes override pru-
dence . The treatment as a statistical prob-
lem of the incidence of collisions between 
ships and fixed installations is receiving 
attention in the context of the North Sea. 
and no new work appears to be needed 
specifically for wave energy converters at 
present. However. the converters do intro-
duce an aspect which will be very important 
to all navigational considerations : present 
concepts of mooring and mode of operation 
indicate that the converters cannot neces-
sarily be regarded as fixed objects. Exclu-
sion areas may have to be quite extensive 
to accommodate both the movement of the 
converters about a fixed point. if that is 
allowed in the design . and the positions of 
the moorings. 
A new feature of the Outer Hebrides area 
which may emerge is the possible designa-
tion of clearways for the passage of deep 
draught oil tankers to and from the Sullom 
Voe terminal in the Shetland Isles . One of 
the clearways could pass between the Flan-
nan Isles and the Isle of Lewis (see Fig 
8 .1 ). and the possible interactions with the 
precise location of some of the converters 
(especially off Lewis) would have to be 
resolved. 
As noted at the beginning of this chapter. 
initial attention has been focused on the 
area off the Outer Hebrides . Preliminary 
information from other potential wave 
energy locations (see Fig 2 . 1 5) has not 
revealed any additional matters of prin-
ciple but has indicated that problems 
concerning the navigation of shipping 
would be more complex than those in the 
Hebrides area. For instance . some possible 
locations off the Scilly Isles may intersect 
international waterways which could not be 
altered without international agreement. 
and if the converters were within 20 km of 
the southern Cornish coast careful analysis 
of the interaction with the important 
mackerel fisheries interests would be 
required. 
A possible line for converters across the 
Moray Firth is indicated in Fig. 2. 1 5. The 
complex nature of the potential interactions 
with fisheries operations is illustrated by Fig 
8. 3 . These may be compounded with future 
exploration and production activities associ-
ated with offshore oil and gas. 
Fig 8 .3 Fishing activities in the vicinity of 
the Moray Firth 
(a) Pelagic fish (herring. sprat) 
(b) Demersal fish (cod. haddock. whiting. 
plaice. lemon sole) 
(c) Shellfish (lobster. crab . Norway lobster) 
8.4 Economic and social development 
of local communities 
As with the environmental issues. first atten-
tion in the preliminary review has been given 
to the Outer Hebrides area. The latter has no 
large scale industries and is characterised by 
a declining population and relatively high un-
employment . The Western Isles Island Council 
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has stated that its primary objective is the 
reversal of the trend of population decline 
due to the persistent selective out-migration 
from the area . and the improvement in the 
situation of the population in terms of em-
ployment . Installation on a large scale of 
wave energy converters could assist the 
attainment of this objective in two ways: 
-the labour force needed to operate 
and maintain the system ; 
-the possibility of utilising some of the 
power to establish new industries in 
the area . 
A first survey of these issues has been 
carried out by the Highland and Islands 
Development Board (HIDB) . Whilst the 
prospects for setting up major industrial 
developments in a remote and difficult area 
with a sparse population may appear daunt-
ing. there are a number of examples where 
this has been achieved successfully . for 
example the Dounreay Nuclear Establish-
ment. the Uist Rocket Range. the Kishorn 
construction site. Sullom Voe oil terminal. 
and oil-related developments on Flotta . 
Whilst introducing the industrial infrastruc-
ture associated with wave energy would be 
a formidable task. the evidence from these 
earlier activities indicates that the difficulties 
would be by no means insuperable . The 
HIDB study also indicated that the availabil-
ity of land suitable for such development 
should not be a constraint . 
Construction of the converters may well 
take place elsewhere because of the very 
high tonnage involved . the converters then 
being towed on to station . However. a 
small fleet of tugs and supply boats would 
be required which could be based locally . 
Whilst the main ports in the Outer Hebrides 
have developed historically on the eastern 
coast (ie looking away from the Atlantic) . 
and the passages between the Isles virtually 
all present difficulties. there are some suit-
able locations on the western coasts . 
The inspection and maintenance of moor-
ings for the converters will be vital-the 
converters cannot be allowed to break adrift 
-and a small workforce of skilled divers 
would be needed . although probably less 
than for the offshore oil industry in the 
North Sea. 
A much larger requirement than the sup-
ply bases for equipment and skilled man-
power could arise from the need for one or 
more maintenance bases. There is likely to 
be a variety of maintenance and repair work 
which cannot be carried out at sea. and will 
require the converters to be towed to deep 
well-sheltered water with possible dry-dock-
ing . Criteria for such sites would include : 
-shelter from sea and swell; 
-adequate depth of water; 
---Bntrances and configurations suitable 
for manoeuvring the unusual shapes 
of the converters ; 
-land at the shore physically suitable 
for development; 
-road access or the capability of road 
access; 
-minimum practicable towing distance 
from the sea stations . 
The suNey showed that it would be difficult 
to identify any particular sea loch which 
would meet all these criteria . It was pointed 
out that the labour force required to oper-
ate a maintenance base for a large array of 
converter stations might run into thousands 
of men rather than hundreds. much of it 
highly skilled . Until both the design of the 
converters and the logistics of the whole 
system have been developed much further. 
-
it is not possible to be more precise about 
the requirements for such shore-based facil-
ities and manpower. 
It is recognised that one of the most 
important aspects from the visual amenity 
point of view will be the method and route 
by which the energy from the converters is 
carried to the mainland (it is unlikely that 
the converters themselves will intrude on 
visibility from the nearest shore . unless they 
are of the type fixed to the seabed and 
located close inshore) . However. the prob-
lem cannot be analysed in detail until sev-
eral related decisions have been clarified . In 
particular. decisions between electricity and 
energy-intensive chemicals as the desired 
output from the system . and between local 
use of electricity for new industries or feed-
ing to the national grid . see Fig 8 .4 . The 
most difficult of the visual amenity problems 
is likely to arise from the fact that a system 
consisting of a large array of converters 
feeding electricity into the national grid is 
unlikely to be able to avoid transmission 
across Skye . Very detailed and careful 
transmission route planning will be needed . 
A similar preliminary review of other po-
tential wave energy areas has not yet been 
carried out since. based on the data on the 
availability of the wave energy. they would 
be less likely to attract the first very large 
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Fig 8 .~ Systems decisions needed in order to carry out a detailed examination of the 
amenity consequences of wave energy for the Outer Hebrides 
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arrays of converters which will be needed if 
wave energy is to make a substantial con-
tribution to the UK's long-term supply . 
8.5 Concluding remarks 
A first broad examination has been made of 
the environmental and local economic de-
velopment consequences of the installation 
of large arrays of wave energy converters 
off the Outer Hebrides-the most suitable 
location from the viewpoint of the availa-
bility of the wave energy. No major deleteri-
ous environmental effects of the converters 
themselves could be identified . provided 
that the converters are well offshore . but 
more detailed information should be sought 
on aspects relating to herring and salmon 
fisheries so as to confirm that they will not 
be affected significantly . It would be inad-
visable to base construction techniques on 
the extraction of gravel on a large scale 
from the seabed in this locality because of 
the importance of the gravel deposits as 
herring spawning grounds . Further studies 
are planned to examine the nature conser-
vation implications of the proposed 
schemes . 
The advent of economic wave-derived en-
ergy would present many new opportun ities 
for the development of both the traditional 
seafaring and new industries as a substan-
tial contribution to local economic well-
being . Schemes for feeding wave energy as 
electricity into the national grid will probably 
involve transmission across Skye and this 
would give rise to considerable visual amen-
ity problems . 
Converters fixed to the seabed and lo-
cated close inshore would involve more 
significant environmental consequences 
than floating converters further out to sea. 
and these will require much more detailed 
examination when the designs and loca-
tions have been decided . In addition . arrays 
of such converters could represent a per-
manent and possibly undesirable change to 
the environment unless some technically 
and economically acceptable method for 
their removal at the end of their seNice life 
can be devised . In a reverse sense . the 
environment itself could have a much more 
profound influence on seabed-mounted con-
verters than on floating converters : particu-
lar attention will be needed to fouling by 
seaweed for locations off the Outer He-
brides . 
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Preliminary information on other areas of 
interest for wave energy. such as the Moray 
Firth and the SW coastal waters . indicates 
that the possible interactions with the navi-
gation of shipping and with fishery activities 
will require detailed assessment in advance 
of the installation of large numbers of con-
verters . 
Appendix 1 Principal contractors in the 
Department of Energy 
programme (at September 
1978) 
Development of converters 
Hydraulics Research Station. Wallingford 
National Engineering Laboratory. East 
Kilbride 
Sea Energy Associates Ltd . Cheltenham 
University of Edinburgh 
Vickers Ltd . Eastleigh 
Wavepower Ltd . Southampton 
Technical Advisory Groups--generic 
work 
TAG 1 
University of Lancaster 
TAG 2 
Flight Refuelling Ltd 
Institute of Oceanographic Sciences 
Marine Exploration Ltd 
National Engineering Laboratory 
National Maritime Institute 
TAG 3 
British Shipbuilders 
Harwell . Materials Development Division 
Lloyds Register of Shipping 
National Engineering Laboratory 
National Maritime Institute 
Scottish Marine Biological Association 
The British Ship Research Association 
TAG 6 
Dunlop Ltd 
General Electric Company Ltd 
International Research & Development 
Co . Ltd 
Lucas Group Research Centre 
Pirelli General Cable Works Ltd 
University of Edinburgh 
TAG 7 
Hydraulics Research Station 
Nature Conservancy Council 
Consultants : Rendel . Palmer & Tritton . in 
association with Kennedy & Donkin 
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Appendix 2 
Terms of reference 
Wave Energy Steering 
Committee (1978) 
1 . To draw up and agree a national pro-
gramme of work for the study of wave 
energy. 
2 . To advise on the implementation and 
management of that programme . 
3 . To advise on the technical briefing of UK 
delegates to international meetings on 
wave energy. 
4 . To report to the Chief Scientist. Depart-
ment of Energy on matters relating to 
wave energy. 
The present membership is : 
Dr F J P Clarke 
Harwell-Chairman 
Dr AM Adye 
Science Research Council 
Dr J K Dawson 
ETSU 
Mr GA Goodwin 
Department of Energy 
Mr DC Gore 
Department of Energy 
Mr R Hancock 
Department of Industry 
Mr R C H Russell 
Department of Environment 
Dr CS Smith 
Admiralty Marine Technology Establish-
ment 
Mr D S Townend 
The British Petroleum Company Ltd 
Dr J K Wright 
Central Electricity Generating Board 
Mr PR Wyman 
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General Electric Company Ltd 
Mr C O J Grove-Palmer 
ETSU-Secretary 
Mr LAW Bedford 
ETSU-Minutes Secretary 
Mr P Clark 
























Appendix 3 Technical Advisory Groups 
TAG 1-New designs 
Terms of reference 
1. To review the fundamentals of wave 
motion in relation to the principles of 
wave energy extraction and . where 
thought appropriate . either to encourage 
and / or support current fundamental re-
search work or promote such work par-
ticularly on basic principles not covered 
by the current WESC or SRC pro-
grammes. 
2 . To review on behalf of WESC all ideas 
and applications for financial support for 
new designs of wave energy converters 
submitted to the Department of Energy. 
and to make recommendations for ac-
tion . 
3 . To recommend and initiate work on ge-
neric concepts assoc iated with the fun-
damental principles of wave energy con-
verters including aspects of current de-
signs. drawing on resources of expertise 
available from the wave power pro-
gramme as a whole . 
4 . To liaise with SRC in respect of research 
at universities on wave energy devices . 
5 . To keep informed on new international 
developments and to assess their rele-
vance to and implications for the UK 
programme . 
The present membership is drawn from : 
The British Petroleum Company Ltd 
Central Electricity Generating Board 
Department of Energy 
University of Cambridge 
ETSU 
Rendel . Palmer & Tritton-Consultants 
TAG 2-Wave data 
Terms of reference 
To determine what wave data are needed 
by the engineering development teams and 
what is required by other Advisory Groups, 
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and to arrange for such data to be provided 
if it already exists . If there are requirements 
for additiona l data the group will propose 
programmes of work to acquire such data . 
The present membership is drawn from : 
Central Elect ricity Generating Board 
Department of Energy 
Energy Technology Support Unit 
Hydrau lics Research Station 
Institute of Oceanographic Sciences 
Marine Technology Support Unit 
Meteorological Office 
National Maritime Institute 
Lanchester Polytechnic 
Vickers Ltd . 
National Engineering 
Laboratory 
Wavepower Ltd . 
University of Edinburgh 
Device Teams 
Rendel. Palmer & Tritton-Consultants 
TAG 3-Structures and fluid loading 
Terms of reference 
1 . Examine loading and structural design 
aspects of proposed converters . consult-
ing with Device Teams as necessary. 
2 . Advise the Wave Energy Steering Com-
mittee . and where appropriate the De-
vice Teams . on the problems of wave 
action and structural design . 
3 . Advise the Steering Committee on struc-
tural adequacy and efficiency of pro-
posed converters . making recommenda-
t ions where appropriate for improve-
ments to structural design . 
4 . Evaluate programme of development 
work being carried out by the Device 
Teams. initiate and monitor on behalf of 
the Steering Committee any supplemen-
tary R and D which may be necessary to 
ensure the accurate prediction of wave-
induced loads and mooring forces and 
efficient structural design . 
' 
The present membership is drawn from : 
Admiralty Marine Technology Establ ish-
ment 
British Ship Research Association 
Cement and Concrete Research Associa-
tion 
Central Electricity Generating Board 
Energy Technology Support Unit 
Harwell . Metallurgy Division 
Hydraulics Research Station 
Lloyds Register of Shipping 
National Engineering Laboratory 
National Maritime Institute 
Lanchester Polytechnic } 
Vickers Ltd . Device Teams 
Wavepower Ltd . 
University of Edinburgh 
Rendel. Palmer & Tritton-Consultants 
TAG 4-Mooring and anchoring 
Terms of reference 
1 .. To advise on the suitability of present 
mooring and anchoring systems to the 
requirements of various wave power 
converters . 
2 . To advise Device Teams on technology 
specific to their designs . and to make 
recommendations on research and de-
velopment requirements . 
3 . To recommend . instigate and monitor 
research and development programmes 
of a generic nature on behalf of the 
Wave Energy Steering Committee . 
The present membership is drawn from : 
British Petroleum Ltd . 
Energy Technology Support Unit 
Harwell . Materials Development Division 
Hydraulics Research Station 
Lloyds Register of Shipping 
National Engineering Laboratory 
National Maritime Institute 
Offshore Supplies Office 
Pirelli General Cable Works Ltd . 
Vi ckers Offshore Ltd . 
Lanchester Polytechnic } 
National Engineering 
Laboratory Device Teams 
Wavepower Ltd . 
University of Edinburgh 
Rendel . Palmer & Tritton-Consultants 
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TAG 6-Generation and transmission 
Terms of reference 
1. To identify possible energy conversion. 
generation and transmission systems . 
2 . To estimate the performance and cost of 
the more promising systems and make a 
first order assessment of the impact of 
the operational and performance (trans-
fer efficiency) characteristics of particu-
lar designs on the overall economics of 
converters . 
3 . To provide design information for t he 
teams developing particular converters. 
4 . To estimate the timescales and the R 
and D effort required to implement parti-
cular designs. 
5 . To make recommendations to the Wave 
Energy Steering Committee on the most 
promising system(s) for development . 
The present membership is drawn from : 
Contractors group 
Central Electricity Generating Board 
Davy-Loewy Ltd 
Department of Energy 
General Electric Company 
International Research & Development 
Ltd 
Lucas Group Research Centre 
Pirelli Cables Ltd 
Kennedy & Donkin / Rendel. Palmer & 
T ritton-Consultants 
Device team group 
Central Electricity Generating Board 
Energy Technology Support Unit 
Hydraulics Research Station 
National Engineering Laboratory 
Ready Mixed Concrete Ltd 
University of Edinburgh 
Vickers Ltd 
Wavepower Ltd 
TAG 7-Environmental impact 
Terms of reference 
1. To examine the possible environmental 
effects of large wave power stations on : 
(a) the morphology of the adjacent 
coastline ; 
(b) the navigation of shipping ; 
(c) the local ecological balance; 
(d) the fishing industry; 
(e) leisure activities; 
(f) interaction with other activities. eg 
Ministry of Defence . oil exploration . etc. 
I 
,I 
2 . Bearing in mind the likely location of 
wave power stations. to develop an 
awareness of the impact of shore instal-
lations on areas of scenic beauty and of 
the availability of large amounts of en-
ergy in areas of low economic activity . 
3 . To consider environmental effects in 
geographical areas which might be used 
for Phase II of the development pro-
gramme. 
4 . To report to the Wave Energy Steering 
Committee and to advise the Device 
Teams as required . 
The present membership is drawn from : 
Department of Agriculture & Fisheries tor 
Scotland 
Department of Trade. Marine Division 
Energy Technology Support Unit 
Highlands & Islands Development Board 
Hydraul ics Research Station 
Ministry of Agriculture . Fisheries & Food 
Ministry of Defence 
Nature Conservancy Council 
Scottish Marine Biological Association 
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Appendix 4 Main assumptions used 
calculating breakeven 
capital costs of wave 
energy 
Nuclear Coal Wave energy 
plant plant plant 
Plant characteristics 
Average plant life (years) 25 30 25 
Mean equipment availability (%) 70 70 85 
Firmness at peak (%) 85 85 25 
Mean annual load factor (%) 70 up to 70 45 
2. Plant costs ( 1 ) 
Total capital costs (2) £/ kW 730 400 ? 
Operating costs (excluding fuel) 
-Fixed operating costs £/ kW pa 5 2 }3% plant 
-Variable operating costs 5 20 capital pa 
at an annual load factor 
of 100% £/ kW pa 
Net present worth lifetime fuel costs £/ kW 450 (3) nil 
Net present worth 




(1) All costs are quoted in real terms using 1978 money values . The costs are illustrative but are 
intended to be appropriate at the turn of the century . A discount rate of 5% is used 
throughout. 
(2) Total capital costs include construction costs. interest during construction . transmission costs 
and initial fuel for nuclear plant. 
(3) Coal plant fuel costs depend on the thermal efficiency of the plant and on the load factor 
assumptions. Coal plant 1s assumed to have a thermal efficiency of 35 % which is typical for 
modern fossil plant and it 1s assumed that this type of plant will be the means of generating 
electricity from fossil fuels during the early part of next century . 
(4) The gross system operating saving is evaluated at a fossil fuel price of 20p / therm . At any other 
assumed price it will be directly proportional to the value given . Gross system operating savings 
consist mainly of the value of the fuel saved when a new plant is operated in the system and in 
deriving Fig 7 . 6 only this saving is assessed . It is also assumed that all new plants which make 
a saving in this way displace fossil fuel and this implies that the available nuclear capacity is 
always less than the minimum demand . For coal plant the gross system operating savings are 
approximately equa l to fuel costs . 
(5) As a central assumption the value of firm power is based on coa l plant and is taken as 
£430/ kW. The effect of a zero value is also indicated in Fig 7 . 6 . 
(6) Other assumptions are discussed in the main text . 
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